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The Australian population is ageing, and advancing age can be viewed as one model of 
maladaptive neuroplasticity. That is, there are structural and functional changes within 
the CNS that play a role in a host of functional impairments, contributing to a loss of 
independence and reduced quality of life in older adults. For example, age-related 
reductions in muscle strength and power, impaired balance and gait, and diminished 
proprioceptive acuity are associated with structural reductions in neurological integrity. 
Importantly, older adults can also experience adaptive neuroplasticity in response to 
neuromodulatory stimuli, and forms of exercise and motor training involving novel or 
skilled tasks are examples of such stimuli. This is evidenced by training-related changes 
in transcranial magnetic stimulation (TMS) measures such as corticospinal excitability 
(i.e. recruitment curve (RC) parameters and motor evoked potential (MEP) amplitude) 
and short-interval intracortical inhibition (SICI) confined to the primary motor cortex 
(M1). However, most research to date has focused on young adults, and little is known 
regarding the time-course of adaptations in older adults following various training 
interventions. Given the necessity for motor tasks to be ‘centrally demanding’ in order 
to exploit neural adaptations, in addition to the aforementioned age-related deficits 
(reduced muscle strength, balance and proprioceptive acuity), interventions such as 
challenging balance (BAL), visuomotor (VIS), and externally-paced strength training 
(EP-ST) may be ideal contenders for counteracting or preventing maladaptive 
neuroplasticity and improving functional outcomes for older adults. Therefore, the 
overarching theme of this thesis was to determine age-related differences in 
neurological function in young and older adults as measured by TMS, and then 
determine the efficacy of BAL, VIS and EP-ST at inducing both physical and functional 
improvements as well as causing transient and residual changes in neurological function 
in older adults. 
The first study (chapter three) was a cross-sectional comparison of neurophysiological 
function (as measured by TMS) and performance in various functional tasks between 
young and older adults. Despite evidence from previous studies of relationships 
between structural brain measures (grey/white matter volume and white matter 
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hyperintensities) and functional performance, and mixed findings regarding age-related 
changes in neurophysiological function, the relationship between neurophysiological 
function and performance in functional tasks had not been sufficiently investigated, 
particularly for the lower-limb. This study compared measures of corticospinal 
excitability (resting and active motor threshold (RMT/AMT) and RC parameters), SICI 
and performance in a host of lower-limb and functional tasks (dynamic strength, 
balance, visuomotor tracking, six minute walk and stair climb) between young (n = 15; 
23 ± 5 years) and older (n = 17; 71 ± 5 years) adults. Further, this study sought to 
explore whether any age-related differences in neurological variables were associated 
with physical or functional performance. Older adults performed consistently worse in 
all lower-limb tasks, suggesting that the tests used were sensitive to the effects of ageing. 
Older adults also required significantly greater stimulus intensities to elicit MEPs 
compared to young adults (all P < 0.05), but there were no age-related differences in 
SICI or parameters of the RC (all P > 0.05). This suggests that perhaps corticospinal 
excitability measured using TMS in an active muscle may not be as impaired with 
advancing age as expected, and that other mechanisms such as cortical thinning (i.e. 
increasing the coil-to-cortex distance) may be a greater contributor to the increased 
stimulus intensities required to elicit MEPs in older adults. Finally, AMT was 
associated with visuomotor tracking error at five seconds in tasks two and three, and 
SICI was associated with stair climb time and visuomotor tracking error at five seconds 
in task two; but these relationships were only observed in older adults. This supports 
differential mechanisms for the performance of lower-limb tasks between young and 
older adults, which is important to know when interpreting the contributing factors to 
motor performance. Overall, this study provided insight into the relationship between 
age-related differences in neurophysiological function and functional performance, and 
the findings from this study formed the basis for studies two and three. 
The second study (chapter four) examined the acute effects (up to 60 minutes post) of a 
single 45 minute bout of three different centrally demanding motor training tasks: BAL 
(n = 12; 69 ± 6 years), VIS (n = 12; 72 ± 6 years) and EP-ST (n = 9; 70 ± 6 years) on 
corticospinal excitability and SICI in older adults by comparing to a non-training 
control (CTRL) group (n = 8; 69 ± 4 years). There is evidence that older adults can 
experience neuroplasticity following various experimentally induced or use-dependent 
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neuromodulatory protocols, but they may be less responsive or require a greater 
duration of stimulus to achieve such results. This study sought to examine and compare 
the efficacy of these training modalities, which are believed to involve complex neural 
stimuli, in inducing transient neuroplastic changes (i.e. altered MEP amplitude at 120% 
or 160% of AMT, or SICI) in older adults. This was assessed over a time-course of five, 
30 and 60 minutes post-training in order to examine the immediate effects after a single 
training session, and the pattern of changes over time. The findings showed that all 
three modes of training significantly reduced SICI compared to baseline and CTRL for 
up to one hour following the respective training sessions (45 minute duration), but most 
importantly there were no differences between training groups. However, increases in 
MEP amplitude of up to 49% at 120% of AMT and 18% at 160% of AMT were not 
statistically significant, despite large effect sizes. This was most likely due to large 
inter-individual variability in the responses. This study demonstrated for the first time 
that a single session of BAL, VIS and EP-ST could reduce SICI in older adults, and 
supports the capacity for each of these training modes to provide complex 
neuromodulatory stimuli to the central nervous system (CNS). Therefore, each of these 
modes of training may be effective at counteracting age-related maladaptive 
neuroplasticity whilst also likely targeting physical and functional deficits that 
commonly occur in older adults. This study provided important new knowledge about 
how well different targeted training modalities can induce use-dependent neuroplasticity 
in older adults, and how changes in neurophysiological function may be exploited over 
time to improve functional ability in older adults, which was examined in study three.  
Study three (chapter five) investigated the long-term neurophysiological and functional 
adaptations experienced by older adults during and after a 12 week training intervention 
of BAL (n = 10; 68 ± 6 years), VIS (n = 9; 72 ± 5 years) or EP-ST (n = 9; 70 ± 6 years) 
compared to a non-training CTRL group (n = 8; 69 ± 4 years). Fully supervised group 
training (45 minutes duration) occurred at the same time of day three days per week, 
and data were collected every four weeks for the duration of the training period (i.e. 
baseline, four weeks, eight weeks and 12 weeks) within 12-24 hours after the preceding 
training session. A follow-up testing session also occurred four weeks after the 
intervention period ended (i.e. retention testing at 16 weeks) to determine any long-term 
residual benefits. There were mode-specific improvements in lower-limb tasks, with the 
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EP-ST group improving muscle strength compared to BAL, VIS and CTRL (all P < 
0.05), and the BAL group improving balance performance compared to EP-ST, VIS and 
CTRL (all P < 0.05). However, all training groups improved visuomotor tracking 
performance compared to CTRL at the 30 s time point in tasks two and three, with no 
between-group differences between BAL, VIS or EP-ST. This indicates that all of these 
modes of training imposed a unique challenge to sensorimotor integration, resulting in 
improved proprioceptive acuity. Similarly, all training groups also improved six minute 
walk performance and stair climb time to a similar extent compared to baseline and 
CTRL, with performance peaking at eight weeks and no further improvements despite 
ongoing training. The lack of difference between training groups was somewhat 
unexpected, but may in-part be explained by psychosocial factors improving self-
efficacy and confidence in completing functional tasks. Interestingly, all training groups 
also experienced reductions in SICI in the first eight weeks, after which time responses 
failed to change any further despite ongoing exposure to the training stimuli. Slope of 
the TMS RC significantly increased after four weeks in both the EP-ST and VIS groups, 
then returned to baseline levels by eight weeks, and increased again at 12 weeks, 
suggesting changes in the activation patterns of corticospinal neurons in these groups 
that probably reflect transition from skill acquisition to the consolidation of skills. There 
were no other changes in corticospinal excitability (RC parameters) for any group at any 
time point. Follow-up testing at 16 weeks revealed that training-related changes in 
lower-limb task performance were sustained, but all neurological measures had returned 
to baseline with the exception of SICI for the VIS group, and the slope of the RC for the 
EP-ST group (although they were approaching baseline levels). The findings of this 
study show for the first time that older adults can experience adaptive neuroplasticity 
measured by TMS that is representative of longer-term residual changes within the CNS 
as a result of the BAL, VIS and EP-ST training. This, in combination with the similar 
functional improvements between groups, can help professionals to prescribe highly 
personalised training interventions that are dependent upon a client’s specific physical 
deficits (e.g. reduced muscle strength, poor balance) without compromising functional 
or neural outcomes for older adults.  
Collectively, these findings provide insight into the functional relevance of age-related 
differences in corticospinal function and support the potential for BAL, VIS and EP-ST 
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to exploit the flexibility of older adults’ CNS to adapt in response to challenging stimuli. 
Importantly, Study 2 showed that older adults can rapidly adapt to these use-dependent 
neuromodulatory protocols, with neurological changes detected as early as five minutes 
following the cessation of the training stimuli. In contrast, Study 3 demonstrated a 
different mechanism for neuroplasticity in older adults, with testing occurring 12-24 
hours after the cessation of the training stimuli to ensure that results reflected 
adaptations within the CNS rather than the transient effects of the training itself. This 
offers promising evidence of the flexibility of older adults’ CNS to adapt to challenging 
stimuli both acutely and over time. Further, it demonstrates that BAL, VIS and EP-ST 
may help to counteract and/or prevent impending age-related declines in 
neurophysiological integrity, whilst also improving functional ability and targeting 
mode-specific deficits including reduced muscle strength, impaired balance and poorer 
proprioceptive acuity. Importantly, the lack of between-group differences observed in 
these studies in relation to functional improvements and neural adaptations following 
complex motor training may provide promising opportunities for the personalisation of 
interventions to target specific deficits in older adults, without compromising the 






















The Australian population, along with that of many developed countries, is ageing. Our 
residential population is estimated at over 23.1 million, with one in every seven people 
considered ‘old’ according to the Australian Bureau of Statistics (ABS) definition of 65 
years or over (ABS 2014b). This growth in the number of elderly has escalated, 
particularly over the past two decades, with a 153% and 263% rise in the number of 
people aged 85+ and 100+ years respectively (ABS 2014a). This has implications for 
public policy and the health-care system, imposing substantial burden on the Australian 
public health sector. For example, there are larger costs associated with superannuation, 
increased spending on health care, and a growing demand for aged care. As at 2012, it 
was estimated that approximately 90% of Australian’s aged 65 years or over lived in 
private community dwellings, but were 15 times more likely to live in cared 
accommodation by the age of 80 (ABS 2013). Of those who live in their own private 
homes, more than 30% experience a fall each year (Callisaya et al. 2011), and 42% 
require assistance with at least one activity of daily living ranging from household 
chores to property maintenance (ABS 2013). A key component of health-related quality 
of life is the ability to self-manage health, and function independently (Brach et al. 
2003). In fact, independence is an important factor in ‘successful ageing’, which is 
considered a multidimensional approach to maintaining quality of life through physical 
and cognitive function, as well as engagement in social activities, whilst avoiding 
disease and disability (Rowe & Kahn 1997). However, the aforementioned statistics 
relating to the ageing population in Australia portray a loss of independence with 
advancing age, which is commonly attributed to reduced functional ability (Cella 1994, 
Brach et al. 2003) as a result of changes in brain structure and function including altered 
grey and white matter volume (Kennedy & Raz 2005, Raz et al. 2005, Rosano et al. 
2008), and changes at the peripheral/muscular level (Aagaard et al. 2010). 
The term ‘functional ability’ refers to the ability to perform necessary or desirable 
motor activities of daily living (e.g. walking, rising from a chair/bed/toilet, stair 
climbing, getting in and out of a car) (Cella 1994, Seidler et al. 2010). However, 
performance of these activities can be affected by age-related declines in muscle 
strength, muscle power and rate of force development (movement speed), increased 
movement variability, and difficulties with coordination, balance and gait (Seidler et al. 
2002, Stergiou et al. 2006, Langhammer & Lindmark 2007, Aagaard et al. 2010, 
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Lustosa et al. 2011, Williamson 2011). These factors can consequently lead to an 
increased risk of falls and fracture, loss of independence, poorer quality of life, and 
premature mortality (Reid et al. 2008, Sousa et al. 2011). Interestingly, impaired 
balance, postural instability, reduced motor timing and coordination, increased 
movement variability, and poor gait (reduced step width and step length, and increased 
double stance support), as well as poorer proprioception in older adults have been 
associated with age-related changes in neurological structure and function (Ivry et al. 
2002, Kennedy & Raz 2005, Rosano et al. 2008, Goble et al. 2009, Sullivan et al. 2009, 
Zahr et al. 2009, Sullivan et al. 2010, Holtrop et al. 2014, Lövdén et al. 2014, Zhu et al. 
2014). These neurological changes include reductions in grey and white matter as 
measured by magnetic resonance imaging (MRI) (Raz et al. 1997, Good et al. 2001, Ge 
et al. 2002, Resnick et al. 2003, Giorgio et al. 2010), and are reflective of maladaptive 
neuroplasticity. 
While the concept of neuroplasticity, including experimental and use-dependent 
neuromodulatory protocols and techniques used to assess neuroplasticity will be further 
explained within this thesis; neuroplasticity in the most common sense is promoted by 
task complexity and associated with gains in physical function (Carey et al. 2005, 
Warraich & Kleim 2010). However, neuroplasticity can also be considered maladaptive 
when associated with negative consequences like losses of function or increased injury, 
as observed in neurodegenerative illness, injury or ageing (Cramer et al. 2011). This 
brings two factors to the forefront for consideration. Firstly, maladaptive plasticity is 
detrimental to functional independence, falls risk and overall successful ageing, which 
is why it is important to identify strategies to prevent or reverse these changes. Secondly, 
interventions that can induce adaptive neuroplastic changes in older adults while 
simultaneously improving the known age-related motor deficits (e.g. reduced muscle 
strength, power, and rate of force development, increased movement variability, and 
difficulties with coordination, balance and gait) offer an exciting neuro-rehabilitation 
option for ageing populations. Whilst structural neuroplastic changes are well reported, 
there is less consistency regarding age-related changes in the neurophysiological 




Over the past decade, there has been increased interest in the use of transcranial 
magnetic stimulation (TMS) as a non-invasive neurostimulatory technique to quantify 
age-related changes in the M1 and CST, with mixed findings in regards to corticospinal 
excitability and inhibition (see section 2.5.2; page 28). This is probably due to 
variations in methodologies including functional differences of muscles tested, and non-
comparable age ranges of participants. Of most importance, though, is the lack of data 
pertaining to the functional relevance of inhibitory or excitatory changes within the M1 
and CST, particularly with regard to performance in lower-limb tasks. This is important 
because older adults tend to avoid certain tasks as they become more physically (and 
mentally) challenging, and the associated impaired lower-limb function has been 
strongly associated with an increased risk of falls and fracture, disability, loss of 
independence and reduced quality of life. This results in a vicious cycle as represented 
in Figure 1.1 (page 4), whereby task avoidance exacerbates functional declines 
(Williamson 2011), which can ultimately result in degradation of the neural motor 
networks corresponding to the avoided tasks (Coppi et al. 2014). This is representative 
of maladaptive neuroplasticity, and these neural networks will not be reinstated until 
targeted motor training encourages the execution of the avoided movements and re-
engages the neglected neural circuits (Warraich & Kleim 2010). 
 
Figure 1.1 A flow chart representing the cycle of loss of functional ability. 
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Well designed and targeted exercise programs have the potential to improve 
independence and neurological integrity in older adults (Britton et al. 2008, Manini & 
Pahor 2009, Sun et al. 2010, Dogra & Stathokostas 2012), and reduce the risk of falls 
(Sherrington et al. 2008). A meta-analysis that aimed to determine which types of 
exercise programs might be most effective for reducing falls concluded that exercise in 
general can prevent falls by approximately 17% in older adults, but programs that posed 
a high degree of challenge to balance and did not include a specific walking program 
were more effective than other modes of exercise with less exposure to a balance 
stimulus or that included a walking program (Sherrington et al. 2008). Given our 
increasing understanding of the age-related changes in the central nervous system (CNS) 
and the consequences these changes have for functional performance, it is possible that 
there is an alternative to the traditional exercise training programs that have previously 
been implemented. For example, externally-paced strength training (EP-ST) (Weier et 
al. 2012, Leung et al. 2015), challenging balance training (BAL) (Schubert et al. 2008), 
and visuomotor training (VIS), which is a form of sensorimotor or proprioceptive 
training (Pascual-Leone et al. 1995, Cirillo et al. 2011) have been shown to induce use-
dependent neuroplasticity and improve neurophysiological function in healthy young 
adults (Adkins et al. 2006). However, it is not clear which one of these interventions has 
the greatest capacity for inducing neural adaptations within the M1 and CST in older 
adults. Not only do these forms of training individually target specific motor deficits 
mentioned previously, including reduced muscle strength/power (EP-ST), 
balance/coordination difficulties (BAL) and increased movement variability (VIS), but 
they are also centrally demanding. Therefore, they are likely to provide challenging 
neural stimuli that may be superior to regular physical activity. That is, the requirement 
of extensive somatosensory, vestibular or visual sensory input to control motor-output 
in these particular modes of motor training may exploit the integrative nature of the 
CNS and induce adaptive use-dependent neuroplasticity leading to improved functional 
outcomes for older adults, but this had not yet been investigated.  
1.1 Thesis aims and hypotheses 
The purpose of this thesis was to explore age-related differences in neurophysiological 
function, and identify and compare the efficacy and time-course of three different 
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centrally demanding interventions at inducing use-dependent neuroplasticity and 
driving functional improvements in older adults.  
1.1.1 Study 1 
The primary aim of Study 1 was to use TMS to investigate age-related differences in 
neurophysiological function (corticospinal excitability and inhibition) to the tibialis 
anterior (TA) muscle, which plays an important role in locomotion and stability and is 
implicated in falls. The secondary aims were to: 1) evaluate performance differences 
between young and older adults across a range of lower-limb tasks including balance, 
muscle strength (dynamic knee extensor and isometric ankle dorsiflexion), visuomotor 
movement coordination, stair climbing ability (functional power) and an endurance 
walking task; and 2) explore relationships between indicators of age-related 
neuroplasticity (TMS measures) and lower-limb tasks. It was hypothesised that there 
would be age-related differences in neurophysiological function as measured by TMS; 
that older adults would achieve consistently poorer results in all lower-limb tasks 
compared to younger adults; and that poorer performance in the lower-limb tasks would 
be associated with neurophysiological variables as measured by TMS. 
1.1.2 Study 2 
The primary aim of Study 2 was to use TMS to investigate the time-course of acute 
changes in corticospinal excitability and inhibition following a single 45 minute session 
of BAL, VIS and EP-ST training compared to a control (CTRL) group that did not train 
at all. The secondary aim of this study was to determine if TMS related measures were 
modulated in a task-dependent manner. It was hypothesised that a single training 
session (independent of training type) would induce transient increases in corticospinal 
excitability and reductions in inhibition. 
1.1.3 Study 3 
The primary aim of Study 3 was to examine the time-course of long-term use-dependent 
neuroplasticity (measured by TMS) and lower-limb task performance in older adults 
throughout 12 weeks of BAL, VIS and EP-ST training. The secondary aims of this 
study were to: 1) determine whether neurological adaptations and improvements in 
lower-limb task performance were sustained after four weeks of ceasing the 
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intervention; and 2) determine if there were differences between the interventions in 
terms of overall performance of lower-limb tasks in older adults. It was hypothesised 
that older adults would experience use-dependent neuroplasticity (independent of 
training type) throughout the 12 week training period; that changes in the performance 
of lower-limb physical tasks would be dependent on the specific training group; and that 
neurological adaptations and changes to lower-limb task performance would decay after 















The purpose of this chapter is to provide a comprehensive review of age-related 
neuromuscular degeneration and how this relates to performance in lower-limb tasks. It 
also serves to determine gaps within the literature relating to neurophysiological 
changes associated with ageing. Lastly, this review will identify potential interventions 
that may serve to counteract the negative consequences of ageing. The chapter will 
commence by providing a brief summary of the impairment of functional ability in 
older adults and the contributing motor deficits that may be implicated in this outcome. 
An overview of the human central nervous system (CNS), particularly the primary 
motor cortex (M1) and corticospinal tract (CST) will then be presented, specifically as 
they relate to the use of transcranial magnetic stimulation (TMS). Methods commonly 
used to assess the CNS will be outlined, and then the concept of neuroplasticity will be 
discussed in healthy and maladaptive models. Finally, an overview of physical activity, 
exercise and motor training interventions will be provided, with particular attention to 
their roles in improving functional ability and potential for inducing adaptive 
neuroplasticity in older adults. Collectively, all sections of this chapter serve as a clear 
rationale for the research questions and hypotheses to be addressed within this thesis. 
2.2 Age-related impairments in functional ability  
Advancing age is associated with impaired functional ability, which refers to a reduced 
ability to perform necessary or desirable activities of daily living, such as walking, stair 
climbing, rising from a chair/bed/toilet, or getting in and out of a car (Cella 1994, 
Seidler et al. 2010). The consequences of such impairments include an increased risk of 
falls, a loss of independence, and increased mortality in older adults (Doherty 2003, 
Reid et al. 2008, Sousa et al. 2011). As highlighted in a number of excellent reviews, a 
multitude of factors such as poor nutrition, decreased physical activity, neuromuscular 
changes, increased systemic inflammation, oxidative stress, and obesity have all been 
reported to contribute to reduced functional ability with advancing age (Doherty 2003, 
Daly 2010). Deleterious changes to the neuromuscular system are of greatest 
significance to this thesis, and at the forefront of this issue is sarcopenia, which is 
represented by age-related losses in muscle mass, strength and function. There is 
extensive data showing that age-related declines in muscle strength, muscle power, rate 
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of force development, gait, balance and muscular endurance are related to an increased 
risk of falls, disability and fractures (Seidler et al. 2002, Doherty 2003, Hunter et al. 
2004, Langhammer & Lindmark 2007, Aagaard et al. 2010, Lustosa et al. 2011, 
Williamson 2011). Another factor that poses a significant threat to functional 
performance and increases falls risk in elderly populations is increased movement 
variability that results from impaired proprioceptive acuity (Stergiou et al. 2006). This 
reduction in the sensitivity and accuracy of joint position and kinaesthetic movement 
sense leads to an impaired ability to cope with perturbations in a timely manner, and 
contributes to a higher risk of falls (You 2005). 
2.2.1 Age-related changes in muscle 
Whilst losses in muscle mass are highly variable due to vast differences in lifestyle and 
genetic factors, it is reported that up to 40% of muscle mass is lost across the lifespan 
from the age of 20 years onwards (Janssen et al. 2000, Doherty 2003). Of significant 
importance to functional ability is the observation that in pre-clinical populations, type 
II (fast twitch) muscle fibres are most affected, and most evidence suggests a 
preferential loss of muscle mass in the lower-limbs (Lexell et al. 1988, Aagaard et al. 
2010, Purves-Smith et al. 2014). Losses in muscle mass result in reduced muscular 
strength and power, but other factors including changes in the force producing 
capabilities of the muscle itself and changes in the neural activation of muscles also 
exacerbate these deficits in older adults (Figure 2.1; page 11). Declines in muscle 
strength begin around 45 to 50 years of age, after which older adults lose an average of 
10% of their muscle strength per decade, and a further 30% from 70-80 years old 
(Lustosa et al. 2011, Williamson 2011). However, deficits in muscle power (ability to 
produce force rapidly) appear to be more detrimental to functional performance (Bassey 
et al. 1992, Foldvari et al. 2000) and it begins to decline both earlier and at a faster rate 
than that of muscle strength or mass (Skelton et al. 1994, Young & Skelton 1994, 
Lindle et al. 1997). Furthermore, given that type II muscle fibres produce larger 
amounts of force more rapidly than type I muscle fibres, and type II muscle fibres are 
preferentially lost with age in pre-clinical populations, it is not surprising that the result 
is an exacerbation of the loss in power and rate of force development in older adults 




Figure 2.1 Schematic diagram of the sites of neuromuscular degeneration in older 
adults contributing to the reduction in strength and power Reproduced from Barry and 
Carson (2004) with permission. 
2.2.2 Functional consequences of age-related changes in muscle 
Reduced total body and leg lean mass and muscle strength are strong independent 
predictors of the level of functional impairment in community-dwelling older adults (74 
years), even after accounting for chronic medical conditions, bone mineral density, body 
fat, body mass and habitual physical activity (Reid et al. 2008). This relationship can be 
seen in Figure 2.2 (page 13), which highlights an increased risk of falls and increased 
disability as a direct result of reduced physical activity and subsequent losses of muscle 
strength and power (Hunter et al. 2004). Other studies have reported similar 
consequences, but reduced muscle strength and power also contribute to balance/gait 
disturbances, muscle imbalances and immobility problems in older adults (Doherty 
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2003, Reid et al. 2008, Sousa et al. 2011). The importance of balance and gait 
impairment was highlighted by Talbot et al. (2005), who reported that this was the 
cause of 38%, 49% and 62% of falls in young, middle-aged and older adults 
respectively. Similarly, Brito et al. (2014) showed a 95% higher prevalence of falls in 
older adults who demonstrated balance limitations compared to those without. Others 
have shown that poorer performances in balance/gait assessments that rely on muscular 
power, including commonly used clinical assessments such as the timed-up and go test, 
walk tests, sit-to-stand tests, and various gait assessments were strongly correlated with 
an increased risk of falls (Lustosa et al. 2011). When considering falls risk as a result of 
gait impairments, one muscle that is heavily implicated is the tibialis anterior (TA); a 
key ankle dorsiflexor. This muscle is important during locomotion as it lifts the foot 
during the swing phase, prevents tripping, and responds to stance perturbations or slips 
during walking (Oatis 2004, Klass et al. 2011). It has been established that reduced 
range of dorsiflexion contributes to poorer balance and performance in functional tasks 
(Menz et al. 2005, Yoon et al. 2011), and the force and power production capabilities of 
the TA accounts for 58% of the score achieved on the Berg Balance Scale test and can 
predict falls status (MacRae et al. 1992, Daubney & Culham 1999). It is evident that 
targeting reductions in muscle strength, power and balance is an important strategy for 
improving functional outcomes, maintaining independence and reducing the risk of 













Figure 2.2 A model of the functional consequences of age-related muscle loss 
(sarcopenia) and the positive feedback loop by which the end result of reduced physical 
activity further exacerbates progression of the disorder. ↓ indicates decrease; ↑ indicates 
increase. Reproduced from Hunter et al. (2004) with permission.  
2.2.3 Impaired proprioception and functional implications 
Proprioception involves both joint position sense and kinaesthetic movement sense 
(Gandevia et al. 2002), and plays an important role in the regulation of balance and 
locomotion (You 2005, Goble et al. 2009). However, proprioceptive acuity is impaired 
in older adults (Petrella et al. 1997, Tsang & Hui-Chan 2004), which results in 
increased movement variability, delayed reaction times, less accurate movement 
trajectories and impaired stability (Tsang & Hui-Chan 2004). This leads to a 
compromised ability to execute motor tasks with accuracy and cope with perturbations 
in a timely manner, thus contributing to a higher risk of falls (You 2005). Very small 
errors (as little as 0.1°) in ankle joint perception can lead to a 1.8 mm lateral postural 
deviation (Gilsing et al. 1995). This is very closely linked to balance impairments, as 
older adults with visual or vestibular deficiencies rely heavily on proprioception and are 
more prone to falling (Lord et al. 1999, You 2005). One method to assess joint position 
sense and sensorimotor movement variability is with visuomotor tracking tasks, in 
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which a visual stimulus is presented and participants must ‘track’ the target or trace a 
pattern with their own limb as accurately as possible (Stirling et al. 2013, Aman et al. 
2014). The participants’ limb movements are monitored with a joint-motion sensor or 
goniometer, and the error between the target and actual movements is indicative of 
proprioceptive acuity. It is likely that a combination of factors contribute to these 
impairments in older adults, including altered motor-output from the M1 as a result of 
requiring greater neural resources for task execution (particularly when dual-tasking); 
reduced neuromuscular control over antagonist muscle activity; changes in the 
motoneuron population/motor unit properties influencing voluntary muscle force output 
and joint torques; and impaired afferent somatosensory function (Darling et al. 1989, 
Stergiou et al. 2006, Goble et al. 2009, Christou & Enoka 2011). Therefore, 
interventions that can assist in improving proprioceptive acuity and sensorimotor 
movement variability in older adults are likely to provide greater control over 
movements, whilst simultaneously improving functional ability and reducing the 
relative risk of falling. 
2.3 The organisation of the central motor system 
There are several motor areas within the CNS, including the M1, CST, pre-motor cortex, 
basal ganglia, cerebellum, portions of the thalamus, and some areas of the association 
cortex (Rizzolatti et al. 1998, Wheaton et al. 2005, Nolte 2009). The M1 and CST 
execute movement either via direct effects on lower motoneurons located in the ventral 
horn of the spinal cord, or indirectly via propriospinal neurons. In contrast, the 
remaining motor areas are primarily involved in selecting, organising and monitoring 
movement for successful functional outcomes (Nolte 2009). These neural resources 
within the CNS, therefore, are heavily implicated in functional ability and motor control 
in an ageing population. The following section will provide a description of the 
anatomical and functional organisation of the M1 and CST as these structures are 
assessed with TMS. 
2.3.1 Primary motor cortex 
There are at least 52 distinct cytoarchitectural areas within the human cerebral cortex; 
each with definitive extrinsic connections, distinct laminar arrangements, and 
identifiable functional roles (Castro-Alamancos 2013). The M1 is an agranular section 
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of the cerebral cortex located at the posterior portion of the frontal lobe, anterior to the 
central sulcus in the precentral gyrus (Rizzolatti et al. 1998). It corresponds to 
Brodmann’s area 4 and is formed by a montage of anatomically and functionally 
distinct areas (Rizzolatti et al. 1998). The M1 is the final common cortical structure 
where intention to move is translated into observable action (Capaday et al. 2013), and 
it is heavily involved in the initiation of voluntary movements, the coordination of 
movements for fine motor skills, and postural control (Keller 1993, Nolte 2009). It 
contains a somatotopically arranged ‘motor map’ (Figure 2.3; page 15) that can be 
determined using TMS, and a point of maximal activation (i.e. the ‘hot spot’) associated 
with specific bodily movements or target muscles can be identified (Keller 1993, 
Roland & Zilles 1996, Nolte 2009, Capaday et al. 2013). It is now universally accepted 
that the M1 is highly modifiable and the localization of the motor map, the degree of 
overlap, and the extent of activation associated with movement of specific body parts 
can readily adapt to new environments or stimuli; a phenomenon referred to as 
neuroplasticity (see section 2.5; page 27) (Roland & Zilles 1996, Classen et al. 1998, 
Sanes & Donoghue 2000). 
 
Figure 2.3 The motor homunculus showing the somatotopic organisation of the primary 
motor cortex (M1) Reproduced from Lundy-Ekman (2013) with permission. 
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The M1 is organised horizontally into six laminae, and each layer is characterised by 
unique interconnections and specific neuronal subtypes (Figure 2.4 a, b; page 17) 
(Mountcastle 1997, DeFelipe et al. 2002, Fatterpekar et al. 2002). There is also a 
columnar organisation within the cerebral cortex, whereby neurons extend vertically 
into layers II to VI (Figure 2.4 c; page 17). Each column is 300-600 µm in diameter and 
consists of many mini-columns bound by short-range horizontal connections 
(Mountcastle 1997). The columns share common input and output connections, and 
contain all major cortical neural cell phenotypes (Mountcastle 1997). The unique 
agranular structure of the M1 indicates a predominance of large pyramidal cells in 
layers II through to VI giving rise to many long axons, and an apparent lack of smaller 
stellate or granule cells (Figure 2.5; page 18) (Fatterpekar et al. 2002, Nolte 2009). The 
cell population of layer V contains giant pyramidal cells, called Betz cells, which can be 
up to 20 times larger than other pyramidal cells within the same layer, and are absent in 





Figure 2.4 Cross section of the cerebral cortex providing a visual representation of the 
six horizontal laminae and vertical columnar organisation. The Golgi method (a) 
completely stains a small percentage of cortical neurons and demonstrates the shapes of 
arborisations (branching structures); the Nissl method (b) stains all cell bodies, thus 
allows packing density and the shape of neuronal cell bodies to be determined; and the 
Weigert method (c) reveals the columnar arrangements of afferents and efferents by 




Figure 2.5 An illustration of the anatomical arrangements of the cerebral cortex, 
ranging from agranular sections dominated by large pyramidal neurons (e.g. M1) to 
granular sections dominated by small cells (e.g. primary sensory areas). Reproduced 
from Nolte (2009) with permission.  
The anatomical characteristics of the M1 are functionally important given the necessity 
for the long axons to descend into the CST (section 2.3.2; page 19), where some upper 
motoneurons synapse directly onto the lower motoneuron pool in the spinal cord and 
subsequently innervate skeletal muscle (Nolte 2009). Other motor output sites targeted 
by layer V neurons include the striatum, brainstem and spinal cord (Harrison & Murphy 
2013). There are also extensive long, horizontal intracortical axon collaterals projecting 
from pyramidal neurons within the M1 that form different synaptic patterns (Keller 
1993). For example, some provide excitatory inputs to pyramidal cells via glutamatergic 
synapses, whilst others provide feedforward inhibition. Additionally, nonpyramidal 
arborisations (the branching structures) further contribute to the complex synaptic 
circuitry of the M1, utilising the inhibitory neurotransmitter gamma-aminobutyric acid 
(GABA) (Hendry & Jones 1981, Keller 1993). The number of these intrinsic 
connections far exceeds that of feedforward (inputs) or feedback (top-down) 
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connections (Capaday et al. 2013), and the interplay and balance between inhibitory and 
excitatory inputs within these intrinsic connections indirectly modulates the net activity 
of lower motoneurons. This is one of the primary mechanisms of adaptation following 
use-dependent neuroplasticity (section 2.5; page 27) (Latash 2008, Rothwell et al. 2009). 
However, the balance between inhibition and excitation within these intrinsic 
connections in older adults, the implications for performance in functional tasks, and 
more importantly, how they may be modulated in older adults in response to various 
interventions still remains elusive.  
2.3.2 Corticospinal tract 
The CST (Figure 2.6; page 20) consists of approximately one million axons originating 
in the cerebral cortex as upper motoneurons, with the M1 accounting for approximately 
50% (Latash 2008, Lemon 2008, Nolte 2009). These axons descend via the lateral and 
anterior CST through the internal capsule, cerebral peduncle, basal pons, and medullary 
pyramid (hence the common alternate name ‘pyramidal tract’), and terminate on cells of 
the anterior horn, intermediate grey matter, and posterior horn of the spinal cord. At the 
junction of the medulla and spinal cord, almost 90% of the lateral CST axons decussate 
and synapse with contralateral lower motoneurons, whilst the remaining 10% synapse 
ipsilaterally (Lacroix et al. 2004, Rosenzweig et al. 2009). Approximately 40% of the 
axons originating in the M1 synapse directly at the spinal cord level onto alpha 
motoneurons that project to extrafusal skeletal muscle and gamma motoneurons that 
project to intrafusal fibres in the muscle spindle (Mountcastle 1997). This indicates the 
direct involvement of the CST in skeletal muscle innervation to perform voluntary 
movements (Nolte 2009), and changes in synaptic activity and modulation of neural 




Figure 2.6 The lateral corticospinal tract (shown in red). Reproduced from Lundy-
Ekman (2013) with permission. 
2.4 Techniques to assess the central motor system 
There are a number of techniques that can be employed for the purpose of assessing 
neurological structure and function. These provide useful information regarding 
potential sites or mechanisms for age-related changes in neuroplasticity. Medical 
imaging techniques, including computed tomography, various forms of magnetic 
resonance imaging (MRI), and positron emission tomography, provide physiologic and 
pathologic information through the use of computerised analyses that create images 
unobscured by surrounding skeletal structures (Rossini et al. 2007, Lundy-Ekman 
2013). They inform changes relating to the structural form, as well as neural activity via 
changes in blood flow within specific regions of interest (Kawashima et al. 1993, 
Hallett 2000, Ungerleider et al. 2002, Barbay et al. 2005). A limitation of these 
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techniques is that they lack temporal resolution and fail to provide an objective 
assessment of the underlying synaptic mechanisms affecting human movement (Hallett 
2000). TMS, a non-invasive neurostimulatory technique, provides a solution to these 
limitations and allows the net excitatory and inhibitory synaptic activity within the CST 
and specific intracortical pathways to be determined with excellent time resolution 
(Hallett 2000). 
2.4.1 Transcranial magnetic stimulation 
TMS involves placing a coil of wire over the hot spot of a target muscle representation 
identified within the M1. When discharged, a brief (≤100 µs) high-current pulse 
generates a strong magnetic field (up to two Tesla) that passes painlessly through the 
skull (Hallett 2007, Rothwell et al. 2009). If the intensity of the TMS pulse is 
sufficiently large, it activates primarily cortico-cortical axons which provide excitatory 
inputs to corticospinal output neurons thus depolarising them trans-synaptically as I-
waves, and some directly in close proximity to the axon hillock as D-waves (Di Lazzaro 
et al. 1998a, Shimazu et al. 2004, Di Lazzaro et al. 2012). This results in a series of 
descending volleys (action potentials) travelling along the CST, synapsing at the 
appropriate lower motoneuron pool in the spinal cord, and eliciting a brief, relatively 
synchronous muscle response predominantly in the contralateral side of the body. The 
response is recorded using surface electromyography (sEMG) and is referred to as a 
motor evoked potential (MEP; Figure 2.7; page 23) (Chen 2000, Weber & Eisen 2002, 
Hallett 2007).  
2.4.2 Motor evoked potentials and recruitment curves 
A MEP is the result of suprathreshold TMS applied to the M1 and is recorded using 
sEMG via electrodes placed over the contralateral target muscle (Figure 2.7; page 23) 
(Hallett 2000). MEPs represent the balance between the net excitatory and inhibitory 
influences on the CST as a whole, including those from cortical circuitry, the 
motoneuron pool, and spinal interneuronal relays (Devanne et al. 1997, Carroll et al. 
2001a). It is therefore difficult to ascertain the exact site(s) of adaptation with a single-
pulse TMS protocol, however MEPs still provide several physiological variables that 
are commonly used in research and clinical settings that represent the overall 
functionality of the CST (Rossini & Rossi 2007, Cuypers et al. 2014). These include: 
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1. Motor threshold (MT): The minimum intensity of stimulation required to 
produce a discernible MEP of at least 50 µV in resting muscle (resting motor 
threshold, RMT) or 200 µV in active muscle (active motor threshold, AMT) 
(Wilson et al. 1993b, Hallett 2000, Hallett 2007, Reis et al. 2008). The MT 
reflects cortical excitability in the most excitable elements of the CST (Ziemann 
et al. 1996, Carroll et al. 2001a). It is altered by even low levels of voluntary 
muscle activation due to direct voluntary excitation of the motoneuron pool as 
well as the influence of the excitatory and inhibitory inputs to corticospinal cells 
from centres involved in movement planning (described in section 2.3; page 14) 
(Carroll et al. 2001a, Di Lazzaro et al. 2003). The practical implication of this is 
that MT can be achieved at a lower stimulus intensity in an active muscle 
compared to a muscle at rest. 
2. Latency: The period of time between the stimulus being discharged and the 
onset of a MEP is termed the latency period (Kobayashi & Pascual-Leone 2003). 
This can be used in conjunction with peripheral conduction time to measure 
central motor conduction time, which is often delayed in neurological diseases 
such as multiple sclerosis, stroke, and amyotrophic lateral sclerosis (Chen 2000, 
Kobayashi & Pascual-Leone 2003, Chen et al. 2008).  
3. Amplitude: The size of the peak-to-peak waveform (i.e. maximum-minimum) 
of a MEP represents the net excitability of the CST (Chen 2000, Rossini & Rossi 
2007). MEP amplitude is inherently variable and is dependent upon the baseline 
activity of the target motoneuron pool (Di Lazzaro et al. 1998a, Chen 2000). 
Adequately controlling for the level of voluntary muscle activation or voluntary 
force output prior to and during stimulation stabilises motoneuronal excitability, 
thus reducing variability and increasing the reliability of measurements (Carroll 
et al. 2001a). 
4. Silent period (SP): A period of electrical silence immediately following a MEP 
evoked in active muscle that is representative of inhibition along the CST. The 
first part (50-75 ms) is primarily caused by multiple segmental mechanisms such 
as Renshaw cell recurrent inhibition and activation of Iα interneurons by 
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descending corticospinal volleys, and the latter (> 75 ms) caused by cortical 
GABA-ergic (specifically GABAB) contributions (Fuhr et al. 1991, Inghilleri et 
al. 1993, Wilson et al. 1993a, Chen et al. 1999, Hallett 2000, Kimiskidis et al. 
2005). 
 
Figure 2.7 An example motor evoked potential (MEP) showing time of stimulus, 
latency, amplitude, and silent period.  
In addition to information conveyed in any single MEP, it is common to construct 
recruitment curves (RCs; Figure 2.8; page 24), which are also referred to as input-output 
or stimulus-response curves (Capaday 1997, Devanne et al. 1997, Ridding & Rothwell 
1997, Chen 2000, Suzuki et al. 2012). RCs involve plotting the growth in MEP 
amplitude recorded from the target muscle as a function of increasing stimulus intensity, 
thus assessing the functionality of neurons that have a higher activation threshold due to 
either being intrinsically less excitable or located in the subliminal fringe further from 
the centre of TMS activation (Chen 2000, Hallett 2000). The relationship between MEP 
amplitude and TMS intensity is typically sigmoidal, with relatively small variations in 
amplitude close to threshold intensities, a steep increase in MEP amplitude at mid-range 
intensities, and saturation of the MEP amplitude where it eventually plateaus 
irrespective of further increases to stimulus intensity. This sigmoidal shape is likely due 
to a combination of factors including the multiple components of the corticospinal 
volley, as well as the orderly recruitment of motoneurons that have progressively larger 
motor unit potentials (Devanne et al. 1997).  
24 
 
Figure 2.8 An example recruitment curve (RC) showing the bottom (MIN), plateau 
value (MAX), steepness of the curve (SLOPE) and the stimulus intensity where MEP 
amplitude is midway (MID) between MAX and MIN (V50) (Weier & Kidgell 2012a). 
There are four standard variables that are obtained from the sigmoid function which 
characterise the input-output properties of the CST (Capaday 1997, Devanne et al. 1997, 
Ridding & Rothwell 1997, Carroll et al. 2001b, Carroll et al. 2002). These are identified 
in Figure 2.8 (page 24) and include: 
1. Bottom (minimum): This represents the threshold level of TMS intensity 
required to elicit a discernible MEP. 
2. Maximum (plateau value): This provides information regarding the net 
physiological strength of corticospinal projections responsible for target muscle 
activation.  
3. Slope (steepness of the curve): A more general measure of the excitability of 
the entire CST which describes the rate of increase in MEP amplitude with 
increasing stimulus intensity relative to maximum MEP. 
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4. V50 (stimulus intensity at which MEP amplitude is halfway between top and 
bottom): This is very closely associated with the slope and is also a global 
measure of CST excitability. 
Further to the abovementioned parameters, Carson et al. (2013) recently provided 
evidence that the area under the RC should also be included as a standardised 
component of analyses of corticospinal excitability. Area under the RC has high face 
validity, is derived from all elements of the RC and is reproducible across multiple 
testing sessions, which makes it a particularly useful measurement in studies with 
multiple time points (Carson et al. 2013). 
Whilst single-pulse TMS and RCs provide relevant and valuable information relating to 
the overall functionality of the CST, these methods do not allow the distinction between 
cortical and subcortical contributions to motor output. This limitation can be overcome 
by using a paired-pulse TMS protocol that provides a method for probing intracortical 
synapses (Rothwell et al. 2009).  
2.4.3 Paired-pulse transcranial magnetic stimulation 
Paired-pulse TMS allows an objective assessment of the physiology of intrinsic cortico-
cortical connections within the M1; described in section 2.3.1 (page 14) (Hallett 2000, 
Rothwell et al. 2009). Paired-pulse TMS that uses a sub-threshold conditioning stimulus 
(70-80% MT) delivered 2-4 ms prior to a supra-threshold test-stimulus (Roshan et al. 
2003, McGinley et al. 2010) results in a suppressed paired-pulse MEP compared to a 
baseline single-pulse MEP (Figure 2.9; page 26). This protocol allows the estimation of 
the excitability of GABAA-ergic circuits within the M1 by calculating the ratio between 
the conditioned and unconditioned MEPs, which is known as short-interval intracortical 
inhibition (SICI) (Rothwell et al. 2009). SICI is synaptic in origin, and mediated by the 
activation of low-threshold inhibitory circuits that have a presence of GABAA receptors 
from the sub-threshold conditioning stimulus (Kujirai et al. 1993, Vucic et al. 2009). It 
must be noted here that SICI and SP both reflect different mechanisms of inhibition 
(Chen 2004, Hallett 2007, Ni et al. 2007), but both are important in older cohorts as 
changes in inhibition are proposed as a likely contributor to reductions in motor abilities 
with age (section 2.5.2; page 28) (Gleichmann et al. 2011, Heise et al. 2014). 
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Figure 2.9 Use of paired-pulse paradigm to assess short-interval intracortical inhibition 
(SICI). (a) A protocol to induce SICI; and (b) An overlayed motor evoked potential 
(MEP) where the red line is the baseline single-pulse MEP, and the blue dotted line is 
the MEP from the paired-pulse protocol with a short inter-stimulus interval (ISI; 3ms). 
The shaded area represents the ratio of SICI, thus an increased ratio represents a 




The term neuroplasticity represents the ability of the CNS to undergo constant 
reorganisation in response to learning and experience, and is understood to be a neural 
substrate of early development, skill acquisition and recovery from brain injuries 
(Classen et al. 1998, Pascual-Leone et al. 2005, Di Pino et al. 2014). It accounts for 
both short- and long-lasting changes in human behaviour, motor output, cognitive 
performance, and changes in gross neuroanatomy/neurophysiology (Johansson 2004, 
Debarnot et al. 2014, Holman & De Villers-Sidani 2014), and can either be 
experimentally induced or use-dependent. Experimentally induced neuroplasticity is 
achieved via external neuromodulatory stimuli from non-invasive or deep brain 
stimulation sources, with protocols including anodal/cathodal or bilateral transcranial 
direct current stimulation (tDCS), repetitive TMS (rTMS), theta burst stimulation (TBS), 
and paired associative stimulation (PAS) (Cramer et al. 2011). Use-dependent 
neuroplasticity is achieved through experience-based interventions such as physical or 
cognitive training, with complex or challenging tasks known to provide the greatest 
neuromodulatory stimuli for inducing plasticity (Carey et al. 2005, Cramer et al. 2011, 
Paraskevopoulos & Herholz 2013). The primary mechanisms that underpin 
neuroplasticity include synaptogenesis (Kleim et al. 2002, Kleim et al. 2004, 
Rosenkranz et al. 2007, Mastellos 2014); changes in synaptic efficacy, including long-
term potentiation at excitatory synapses and long-term depression at inhibitory synapses 
(Wigström & Gustafsson 1983, Kaas 1991, Ormond & Woodin 2009); as well as the 
unmasking of latent connections due to changes in GABA-mediated inhibition and N-
methyl-D-aspartate (NMDA)-mediated activation (Jacobs & Donoghue 1991, Chen et 
al. 2002). Whilst neuroplasticity is usually manifested as positive adaptations within the 
CNS, it can also have negative behavioural consequences such as loss of function or 
increased injury in neurodegenerative circumstances, in which case it is termed 
‘maladaptive neuroplasticity’ (Rossini et al. 2007, Cramer et al. 2011).  
2.5.1 Age-related structural maladaptive neuroplasticity 
Neuroplasticity is considered maladaptive when it is associated with negative 
consequences like a deterioration in functional performance, and ageing is one such 
model (Cramer et al. 2011, May 2011). That is, age-related neuroplastic changes have 
been described, are likely to have functional consequences, and may represent 
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pathogenic mechanisms in the control of movement (Cramer et al. 2011), despite 
compensatory neurological changes that aim to minimise these consequences (Bernard 
& Seidler 2012, Claudino et al. 2013). Historically, the vast majority of research 
investigating age-related changes in the central motor system have utilised imaging 
techniques focusing on changes in the structure or integrity of the CNS. For example, 
humans experience a reduction in total brain volume of up to 10% across the lifespan 
(Williamson 2011), which is the largest degree of brain volumetric decline amongst 
primates (Autrey et al. 2014). This is partially a result of linear reductions in grey 
matter volume attributed to neuronal atrophy and apoptosis (Raz et al. 1997, 
Courchesne et al. 2000, Good et al. 2001, Jernigan et al. 2001, Ge et al. 2002, Resnick 
et al. 2003, Ward 2006), but quadratic changes in white matter volume, where it 
increases until middle-age, then rapidly declines in later life resulting in poorer tract 
integrity are also implicated (Courchesne et al. 2000, Jernigan et al. 2001, Ge et al. 
2002, Giorgio et al. 2010, Westlye et al. 2010). An array of functional consequences are 
associated with these impairments or losses in neural resources including poorer 
proprioception, balance/postural stability, reduced motor timing/coordination, increased 
movement variability, and impaired gait (reduced step width and step length, and 
increased double stance support) in older adults (Ivry et al. 2002, Kennedy & Raz 2005, 
Rosano et al. 2008, Goble et al. 2009, Sullivan et al. 2009, Zahr et al. 2009, Sullivan et 
al. 2010, Holtrop et al. 2014, Lövdén et al. 2014, Zhu et al. 2014). Whilst there have 
been several studies that have investigated the changes in brain structure or integrity and 
how they affect performance in functional tasks in older adults, the nature of 
relationships (if any) that exist between age-related changes in corticospinal control and 
functional ability in older adults is poorly understood.  
2.5.2 Age-related corticospinal maladaptive neuroplasticity 
An extensive search of the literature to date identified 23 studies conducted in healthy 
individuals (summarised in Table 2.1; page 30) that used TMS to investigate the effects 
of ageing on neurophysiological function in a variety of contexts and experimental 
models. Of these studies, there have been large variations in the reported findings for 
age-related changes in MT (either AMT or RMT), corticospinal excitability (either MEP 
amplitude, MEP area or RC characteristics), SP duration and/or SICI. This lack of 
agreement within published findings may be attributed to a number of factors such as: 
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 Varied inclusion/exclusion criteria between studies (e.g. differences in age, 
exercise history, use of medications, neuroprotective or neurodegenerative 
lifestyle factors like drug and alcohol use); 
 Whether the measures were taken during resting or active conditions; 
 The number of participants included for analyses; many studies may have been 
underpowered to detect significant differences in some secondary outcome 
measures such as AMT/RMT; 
 The specific protocol used or methodological differences between studies, 
particularly for the calculation of SICI. For example, some studies used a test 
stimulus that elicited a MEP of 1 mV in all participants, some studies used a test 
stimulus that was a set percentage of RMT/AMT (e.g. 120% AMT), some 
studies used a test stimulus that was a set percentage of the maximal compound 
wave (MMAX), and variations exist in the ideal conditioning stimulus intensity 
and ISI. 
 Differences in data analyses (i.e. whether MEPs have been normalised to 
MMAX), as MMAX is reduced with age (Sale & Semmler 2005, Cirillo et al. 2011); 
 Inherently large inter-individual differences associated with measures of 
corticospinal control; 
 Functional differences of muscles being tested and whether testing occurred in 
active or resting conditions (i.e. muscles involved in less precise, but more 
forceful movements such as the rectus femoris or vastus lateralis are likely to 
induce different alterations in cortical control compared to those involved in 
dexterity (e.g. first dorsal interosseous), and may be differentially affected with 
age) (Zoghi et al. 2003, Zoghi & Nordstrom 2007, Weier et al. 2012) 




Table 2.1 Overview of studies reporting an increase, decrease and no change in TMS-
related measures of motor threshold, corticospinal excitability, silent period and short-














Peinemann et al. 2001;  
Oliviero et al. 2006;  
McGinley et al. 2010;  
Cirillo et al. 2011;  
Bernard & Seidler 
2012;  
Bashir et al. 2014;  
Kishore et al. 2014 
  Kossev et al. 2002;  
Smith et al. 2009;  











 Pitcher et al. 2003;  
Sale & Semmler 
2005;  
Oliviero et al. 2006;  
Fujiyama et al. 
2012a;  
Bashir et al. 2014;  
Kishore et al. 2014 
Prout & Eisen 
1994;  
Eisen et al. 
1996;  
Sale & Semmler 
2005;  
Oliviero et al. 
2006;  
Hinder et al. 
2010 
Peinemann et al. 
2001;  











Kossev et al. 2002 
Wassermann et al. 
2002 
Pitcher et al. 2003 
Sale & Semmler 2005 
Rogasch et al. 2009 
Smith et al. 2009 
Fujiyama et al. 2011 
Fujiyama et al. 2012a 
Fujiyama et al. 2012b 
Stevens-Lapsley et al. 
2013 
Coppi et al. 2014 
Plow et al. 2014 
Wassermann et al. 
2002 
Rogasch et al. 2009 
Smith et al. 2009 
Cirillo et al. 2011 




Fujiyama et al. 
2012a 
Wassermann et al. 
2002 
Oliviero et al. 2006 
Rogasch et al. 
2009 
Fujiyama et al. 
2011 




Bashir et al. 2014 
MT (%MSO) = motor threshold (percentage of maximal stimulator output); SP = silent 
period; SICI = short-interval intracortical inhibition.  
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It is clear that the scope of findings is broad, and this is to be expected particularly 
given the marked variability in the health and functional abilities of older adults, along 
with the different methodologies used in various research projects. However, one 
fundamentally important limitation of the studies presented in Table 2.1 (page 30) is 
that almost all have failed to investigate the functional relevance of age-related changes 
in neurophysiological variables, thus there is currently limited evidence of the 
neurophysiological mechanisms underlying functional performance deficits in older 
adults. Fujiyama et al. (2012a) attempted to address this by investigating age-related 
differences (young group mean age 21 years; older group mean age 69 years) in 
corticospinal excitability and inhibition during coordination of upper and lower-limbs 
(i.e. flexion/extension of the hand and plantarflexion/dorsiflexion of the foot). The four 
tasks within this study involved contralateral (right hand and left foot) or ipsilateral 
movements (right hand and right foot), and either isodirectional (hand and foot 
concurrently move in the same direction) or nonisodirectional movements (hand and 
foot concurrently move in the opposite direction). They used a median split of the 
standard deviation (SD) of relative phase coordination data (i.e. the mathematical 
calculation of coordination between the limbs) to distinguish between higher and lower 
performing participants in each age group and conducted planned comparison t-tests to 
compare inhibition (SP duration) and performance. This study showed for the first time 
that there was a direct statistical link between age-related differences in interlimb 
coordination and corticospinal inhibition. The same group also reported that faster 
reaction times in a go/no-go task were associated with task-related increases in 
corticospinal excitability and intracortical inhibition in older adults (Fujiyama et al. 
2012b). Finally, Marneweck et al. (2011) investigated the associations between 
corticospinal excitability, SICI and movement (manual dexterity: Purdue pegboard test 
and two isometric force matching tasks) and reported no relationship between an age-
related reduction in SICI in older compared to younger adults at rest and a reduction in 
any measure of manual dexterity. Although, based on the appearance of atypical 
facilitation (rather than inhibition) in some subjects, they suggested that the shift in the 
balance between M1 facilitation and inhibition during the task may interfere with 
sequenced hand movements rather than differences in resting SICI alone. A limitation 
of this study is that they only conducted correlation analyses on pooled data, and it is 
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quite possible that the strength and direction of observed correlations (or lack thereof) 
may have been influenced by two distinct age clusters.  
 
Each of the studies discussed have investigated neurological control and function of 
muscles of the upper limb. To date, the functional relevance of age-related variations in 
corticospinal control to lower-limb muscles for tasks relating to gross activities of daily 
living have not been established. That is, it is not known if there is a relationship 
between alterations in cortical or corticospinal measures outlined in the present section 
of this literature review and functional impairments experienced by the elderly outlined 
in section 2.2 (page 9). More specifically, it is not clear whether older adults experience 
adaptive neuroplasticity or if this neuroplasticity is associated with training-related 
improvements in the performance of gross functional tasks. 
2.5.3 Potential for adaptive neuroplasticity in older adults 
There is mounting evidence that supports the capability of older adults to experience 
adaptive neuroplasticity following experimental and use-dependent neuromodulatory 
protocols (Cirillo et al. 2011, Goodwill et al. 2013, Fujiyama et al. 2014, Heise et al. 
2014). However, the literature to date surrounding this phenomena in older adults is 
conflicting, with some evidence that neuroplasticity may be completely sustained in 
older adults (Cirillo et al. 2011), and other studies suggesting that the potential for 
neuroplasticity may be compromised, with adaptations occurring more slowly or to a 
lesser extent in older adults compared to their younger counterparts (Rogasch et al. 
2009, Bashir et al. 2014, Fujiyama et al. 2014, Kishore et al. 2014).  
Goodwill et al. (2013) conducted a double-blinded cross-over trial investigating the 
effects of unilateral, bilateral and sham tDCS and visuomotor tracking of the wrist on 
M1 neuroplasticity (targeting the extensor carpi radialis longus muscle) and 
performance of the non-dominant limb in older adults. They found that participants 
experienced facilitated MEP amplitude in both the unilateral and bilateral conditions (49% 
and 54% respectively), reduced SICI (29% and 36% respectively) and improved 
visuomotor tracking performance (13% and 21% respectively), with no change in the 
sham group. Hummel et al. (2010) also showed significant improvement in upper 
extremity function using the Jebsen-Taylor hand function test in older adults following 
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tDCS relative to sham, but they failed to measure the corresponding neurological 
changes. These studies show promising results that indicate that a neuroplasticity 
inducing technique such as tDCS could preserve or improve neurological and physical 
function in older adults, but neither of them directly compared the effects of the 
intervention between young and older adults. This limitation was overcome by 
Fujiyama et al. (2014), who did a similar experiment to Hummel et al. (2010) involving 
tDCS, but included both young and older adults and performed time-course analyses 
using TMS to the flexor carpi radialis muscle following 30 minutes of anodal tDCS. 
They found that post-stimulation potentiation properties differed as a function of age. At 
zero and 10 minutes post-stimulation, there were no significant differences in 
excitability for older adults compared to baseline or control, but by 20 minutes their 
responses were significantly potentiated, and peaked at 30 minutes post-stimulation, 
after which time testing was ceased. The young group, in contrast, peaked in excitability 
immediately post-stimulation, and this was sustained for the full 30 minute follow-up 
period. The average level of potentiation (mean of all four post-stimulation time points) 
was 41% and 29% in young and older adults respectively, though this difference was 
not statistically significant. Importantly, the magnitude of change at the peak post-
stimulation point was very similar for both groups, and the perceived lower average 
level of potentiation was due to the delayed response in older adults. Heise et al. (2014) 
also compared young and older adults and found evidence of differential age-dependent 
modulation, however they suggested that even within the ‘old’ group, there appeared to 
be different effects of tDCS depending on the functional integrity of the underlying 
neural network. In contrast, Cirillo et al. (2011) looked at corticospinal responses 
following acute visuomotor (VIS) training of the first dorsal interosseous muscle and 
observed comparable ≥ 19% reductions in SICI between young and older adults 
immediately post-training. While this sounds promising, this study failed to assess time-
course measures, which appears to be fundamentally important in understanding 
different neural responses in young and older adults.  
There are multiple factors that are likely to contribute to the conflicting evidence within 
the literature relating to neuroplasticity in ageing. For example, comparing between 
different neuromodulatory protocols (e.g. tDCS, PAS, motor training), and comparing 
different studies that have used similar protocols such as tDCS but split the data to only 
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report ‘responders’. Other factors include the extent of maladaptive neuroplasticity 
evident in older participants at the onset of experimental intervention (i.e. functional 
integrity of the underlying neural network), and also participants history of 
neuroprotective or neurodegenerative behaviours in their preceding years of life 
(Ridding & Ziemann 2010). With regards to potential mechanisms for differential 
responses between young and older adults, there is only one study that has provided an 
evidence based possibility. Kishore et al. (2014) reported an age-related decline in M1 
response (target muscle was the right abductor pollicis brevis) induced by a short two 
minute PAS protocol. However, after a single 100 mg dose of levodopa (a powerful 
neuromodulator commonly prescribed to Parkinson’s Disease patients that mediates 
neurotrophic factor release), the M1 response was restored in those who were ‘non-
responders’ to the PAS protocol. The biochemical changes within the dopaminergic 
system have the broadest effects on motor dysfunction compared to changes within the 
cholinergic, serotonergic and noradrenergic systems (Seidler et al. 2010). There is a 
reduction in the absolute levels of dopamine (Carlsson & Winblad 1976, Garnett et al. 
1983), as well as declines in dopamine receptors (Kaasinen et al. 2000, Inoue et al. 
2001) and transporters (Volkow et al. 1994, Saffer & Kung 1999) in older adults 
compared to young adults. These factors may underlie, at least in part, the altered 
neuroplastic responses observed in older adults to neuromodulatory protocols. However, 
regardless of mechanisms, it is clear that further investigations are warranted into 
possible interventions that may exploit neuroplasticity in older adults, and which 
intervention(s) may be the most effective at inducing positive adaptations in this cohort.  
2.6 Physical activity, exercise and motor training interventions for 
functional outcomes 
Exercise has long been recognised as a way to sustain physical function and 
independence (Gates et al. 2008, Manini & Pahor 2009, Giné-Garriga et al. 2014). That 
is, there is consistent evidence that exercise can improve functional ability in activities 
like sit-to-stand performance, balance, agility, and components of gait in older adults 
(Shimada et al. 2003, Peri et al. 2008, Christie 2011). Poor performance in these tasks 
has been shown to be strongly related to an increased risk of falls, which can be 
attributed to deficits in balance, muscle strength, and power. Figure 2.10 (page 35) 
35 
 
shows the relationship between physical function and both age and disease progression. 
It is notable that as age and disease increase, there are significant declines in physical 
function. However, these trajectories for functional decline can be attenuated through 
the onset of physical activity or exercise, regardless of the extent of age or disease 
progression at the time of becoming physically active (Manini & Pahor 2009). The 
exact benefits of exercise and motor training on functional status or ability in older 
adults are highly dependent on the extent of frailty or functional decline in individuals, 
the type of training performed and the outcome measures being assessed. The following 
section will provide a brief overview of the effects of strength, balance and 
sensorimotor (predominantly visuomotor) training on functional status in older adults, 
followed by a more detailed overview of the evidence of adaptive neuroplasticity in 
response to similar interventions. 
Figure 2.10 Physical function as it relates to age and disease progression. The dotted 
lines represent hypothetical trajectories for physical function based upon the 
commencement of physical activity. Reproduced from Manini and Pahor (2009) with 
permission. 
2.6.1 Effects of strength training on functional status in older adults 
There has been substantial research into the benefits of resistance or strength training on 
physical outcomes and functional performance. Several review papers have consistently 
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summarised the morphological and neurological adaptations following strength training 
interventions including significant increases in muscle mass or size, with preferential 
hypertrophy of type II fibres; changes in tendon and connective tissue; altered muscle 
architecture; changes in agonist muscle activation; and altered firing frequency, motor 
unit synchronisation, spinal reflexes, and coactivation of antagonists (Barry & Carson 
2004, Hunter et al. 2004, Gabriel et al. 2006, Folland & Williams 2007, Aagaard et al. 
2010). These physiological changes can explain the marked training-related 
improvements in maximal muscle strength, muscle power, rate of force development 
and contractile impulse (Fiatarone et al. 1994, Fielding et al. 2002, de Vos et al. 2005, 
Caserotti et al. 2008b), with some evidence also showing that this mode of training can 
improve force steadiness and force accuracy (Hortobágyi et al. 2001, Tracy et al. 2004, 
Tracy & Enoka 2006). Despite evidence that even chronically strength-trained older 
adults experience declines in maximal muscle strength, power and rate of force 
development with advancing age (Pearson et al. 2002, Korhonen et al. 2006), there are 
still significant benefits of this type of training in older adults. For example, Pearson et 
al. (2002) demonstrated that muscle power in 80 year old experienced weightlifters was 
significantly greater compared to that of 60 year old untrained adults, suggesting that 
chronic training could attenuate age-related declines in muscle power by an equivalent 
of up to 20 years. Another study also compared 60 and 80 year old adults and showed 
that the 43% deficit in rate of force development between both groups of untrained older 
adults was abolished after 12 weeks of explosive heavy-resistance strength training 
(Caserotti et al. 2008a). The benefits of these strength training induced gains to 
functional capacity are critical. Fiatarone et al. (1994) showed 12% and 28% increases 
in walking speed and stair climbing speed respectively in older adults (mean age 87 
years) following 10 weeks (3×45 minute sessions per week) of heavy load (80% single 
repetition maximum; RM) progressive resistance training of the hip and knee extensors. 
Other studies have also shown significant improvements in walking speed, sit-to-stand 
tests and stair climbing speed to magnitudes in excess of 28-30% following resistance 
training programs (Fiatarone et al. 1990, Rooks et al. 1997, Alexander et al. 2001, 
Suetta et al. 2004b). Of these functional improvements, increases in rate of force 
development explained 62% of the variance in gait speed improvements (Suetta et al. 
2004a), and increased quadriceps strength and muscle size explained 16% of the change 
in chair rise ability (Taaffe et al. 1999). It should be noted that other studies have failed 
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to show changes in functional ability for tasks such as walking distance, balance tests or 
sit-to-stand tests following progressive strength training, despite significant increases in 
peak power and muscle strength following strength training (Skelton et al. 1995, Singh 
et al. 1997, Earles et al. 2001, Schlicht et al. 2001). This may have been due to the 
inclusion of already active individuals (Singh et al. 1997, Schlicht et al. 2001) resulting 
in participants having high functional capacity prior to the study thus limiting scope for 
improvement (Earles et al. 2001), but it is likely that there is a lack of training 
specificity impacting the functional benefits of strength training. In summary, strength 
training may help to combat the age-related reductions in muscle strength, power and 
rate of force production in older adults, but the evidence supporting the functional 
relevance of these training gains is inconsistent. 
2.6.2 Effects of balance training on functional status in older adults 
Impaired balance is another age-related functional deficit known to contribute to 
reduced functional ability and increased risk of falls in older adults (section 2.2.2; page 
11). Therefore, interventions that pose a challenge to balance are considered optimal, 
particularly in falls prevention literature. For example, Province et al. (1995) conducted 
a meta-analysis of the seven ‘Frailty and Injuries: Cooperative Studies of Intervention 
Techniques’ (FICSIT) trials, which consisted of 10 to 36 week exercise interventions 
involving one or more of endurance, flexibility, static and dynamic balance and 
resistance exercise. They found that exercise across all trials did reduce falls [incidence 
ratio 0.9 (95% confidence interval: 0.81-0.99)], but interventions that included balance 
training resulted in even greater reductions in falls risk [incidence ratio 0.83 (95% 
confidence interval: 0.70-0.98)]. Since the interventions were multi-component, the 
authors could not conclude that balance training alone significantly improved falls odds, 
but this was the first line of evidence to suggest that the inclusion of balance training 
within an intervention improved these falls risk odds to a greater extent compared to 
interventions that did not include a balance training component. A similar conclusion 
was drawn in a more recent and comprehensive systematic review and meta-analysis by 
Sherrington et al. (2008). They also investigated the effects of different types of 
exercise interventions for the prevention of falls and reported that whilst exercise 
reduced the risk of falls by approximately 17% (based on 44 trials involving 9603 
participants), the greatest relative effects were observed in programs that challenged the 
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balance capabilities of participants and didn’t include a walking program. Interventions 
that challenge balance have been varied, but include programs such as Chinese Yuanjo-
Dance (Wu et al. 2010), Tai Chi (Li et al. 2005, Voukelatos et al. 2007, Harmer & Li 
2008), Feldenkrais Method® balance classes (Hillier et al. 2010, Ullmann et al. 2010, 
Connors et al. 2011), exergaming (Eggenberger et al. 2016), and conventional balance 
interventions involving single and double-legged stance on various surfaces (Seidler & 
Martin 1997, Eggenberger et al. 2016). Regardless of the specific mode of balance 
intervention, it is clear from the consistent findings that balance training holds 
significant importance for sustaining functional independence in older adults via 
reduced risk of falling.  
2.6.3 Effects of sensorimotor training on functional status in older adults 
There is some evidence that regular physical activity may attenuate the decline in 
proprioception observed with advancing age. Petrella et al. (1997) performed a cross-
sectional study that showed that inactive older adults had poorer proprioceptive acuity 
compared to young adults, but this age-related deficit was not observed in age-matched 
older Tai Chi practitioners or golfers. However, being a cross-sectional study, one 
should exercise caution when interpreting these findings, since the alternate explanation 
may be that those with better proprioceptive acuity are simply more likely to participate 
in Tai Chi or golf. With regards to studies evaluating the effectiveness of interventions 
that target proprioception, most have used balance training models (Waddington & 
Adams 2004, Westlake & Culham 2007). Given the very close relationship between 
proprioceptive acuity and balance, it is not surprising that these studies showed training 
related improvements in proprioception. Many other types of interventions are 
commonly considered to be proprioceptive or sensorimotor training, including 
somatosensory stimulation (e.g. vibratory, thermal, magnetic or electrical stimulation), 
somatosensory discrimination (e.g. haptic and tactile discrimination, wrist or ankle joint 
position or velocity discrimination), passive movement training (e.g. movement via 
passive motion apparatus such as a robotic arm) and visuomotor training (e.g. combined 
proprioceptive and visual stimuli) (Aman et al. 2014). Individual studies have shown 
improved movement accuracy (i.e. reduced variability and improved proprioceptive 
acuity) of movement following goal-directed training involving isometric contractions 
(Floyer-Lea & Matthews 2005) and dynamic movements (Darling & Cooke 1987, 
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Gottlieb et al. 1988, Corcos et al. 1993). Furthermore, regardless of the type of training 
involved, one consistency is that the greatest benefits to movement control and motor 
function have occurred soon after the onset of practice (Corcos et al. 1993, Floyer-Lea 
& Matthews 2005). Therefore, the neural processes occurring during the learning phase 
of these types of training may indicate mechanisms associated with use-dependent 
neuroplasticity, but further research is needed to establish the efficacy of sensorimotor 
modes of training to improve functional ability in older adults.  
2.7 Physical activity, exercise and motor training interventions for 
neurological outcomes 
Physical activity and various forms of acute or chronic exercise and motor training have 
been shown to prevent maladaptive neuroplasticity and even be a suitable 
neuromodulatory stimulus to induce adaptive neuroplasticity (Cramer et al. 2011, 
McGregor et al. 2011, McGregor et al. 2013). However, most of the research around 
use-dependent neuroplasticity has been conducted in young healthy individuals. In 
general, physical activity appears to be neuroprotective and prevent maladaptive 
neuroplasticity that naturally occurs with advancing age. McGregor et al. (2011) 
investigated the relationship between age, physical activity status and neurological 
function, and showed that younger adults (19-37 years) had superior neural integrity as 
measured by MRI and TMS, compared to older adults (60-85 years), regardless of 
activity levels, but older adults who were more active demonstrated superior neural 
integrity compared to their sedentary counterparts. This may be related to the overall 
health effects of exercise, such as reduced body mass index (BMI) and body fat, with 
some evidence that higher BMI in older women (52-92 years) is associated with damage 
to white matter integrity and lower fractional anisotropy in regional areas of interest 
(including the CST) (Ryan & Walther 2014). There is substantial support within the 
literature relating to the benefits of physical activity for sustaining neural function, and 
it is suggested that the mechanisms include minimising age-related losses in brain tissue 
and attenuating age-related changes in grey and white matter microstructural integrity 
related to motor control and coordination in older adults (Colcombe et al. 2003, Miller 
et al. 2012, Tseng et al. 2013, Erickson et al. 2014, Fuss et al. 2014, Schulz et al. 2014). 
However, new evidence has emerged in recent years that demonstrates capacity to 
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promote increases in grey and white matter volume and integrity through the use of 
motor training (Draganski et al. 2004, Boyke et al. 2008, Driemeyer et al. 2008, 
Hamzei et al. 2012). 
Juggling is a common motor training model that has been used to assess adaptive 
neuroplastic changes in humans due to the novelty and complexity of the task; 
characteristics known to exploit adaptive neuroplasticity (see section 2.5; page 27). 
Draganski et al. (2004) conducted a study in healthy young adults (mean age 22 years) 
that had no prior history of juggling. 24 participants were split into a juggling or non-
juggling group, and each participant underwent a MRI at baseline (scan one); following 
three months of learning a three-ball cascade juggling routine or continuing normal 
activities (scan two); and then following a further three months of no training for both 
groups (scan three). There were no regional differences in grey matter between groups 
at baseline. However, at scan two there was a significant training related expansion of 
grey matter in the mid-temporal and left posterior intraparietal sulcus that was strongly 
associated with juggling performance (not shown in the non-jugglers). Interestingly, by 
scan three, these improvements had already begun to decline offering further support for 
the notion that task avoidance (ceasing juggling training) causes detrimental effects 
within the neural motor networks corresponding to the avoided tasks. A similar study 
involving 20 young adults (mean age 27 years) also used juggling as the form of motor 
training, however aimed to investigate the time-course of use-dependent structural 
changes in grey matter (Driemeyer et al. 2008). They repeated a similar training 
protocol, but this time controlled the amount of daily practice, and performed scans at 
baseline; after one, two, and five weeks of training; and then two and four months after 
the cessation of training. For the first time, this study showed that training-related 
alterations in grey matter structure could occur within a single week of training, and this 
provides further evidence of the link between neural resources and performance. 
Hamzei et al. (2012) further investigated the time-course of grey matter changes 
following short-term (three days) motor training (writing signature with non-dominant 
hand) by conducting daily MRI scans and daily writing performance tests (based on 
quantitative parameters of the signature) in young adults (mean age 24 years). This 
study showed that the earliest significant changes in grey matter were observed three 
days into the training, and that this was associated with performance improvements in 
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the trained motor skill. While all of these studies were conducted in young adults, there 
is evidence that older adults (mean age 60 years) are still able to learn three-ball cascade 
juggling (albeit with less proficiency than young adults), and this motor training is also 
associated with grey-matter changes in the aged brain (Boyke et al. 2008). 
There is limited knowledge regarding short-term adaptive neuroplasticity following 
acute exposures to exercise or motor training stimuli. Rajab et al. (2014) used MRI to 
investigate resting state neural networks before and after a single 20 minute bout of 
moderate intensity (70% age-predicted maximum heart rate) cycling in young adults, 
and demonstrated significant increases in connectivity within sensorimotor-related brain 
networks compared to a non-exercising group. In addition, Smith et al. (2014) 
investigated whether a single 30 minute bout of low-moderate (40% of predicted heart 
rate reserve) or moderate-high (80% of predicted heart rate reserve) intensity ergometer 
cycling induced changes in corticospinal excitability (experiment one: participants aged 
between 22-54 years; n = 9) and SICI (experiment two: participants aged between 19-36 
years; n = 13) using TMS. This study showed that corticospinal excitability remained 
unchanged following the aerobic exercise, but SICI was reduced immediately after, and 
for up to 15 minutes post-exercise. These findings may assist in the interpretation of the 
findings of McDonnell et al. (2013), who reported that a single 30 minute session of 
low intensity (57% age-predicted maximal heart rate) ergometer cycling was an 
effective ‘primer’ for promoting M1 neuroplasticity subsequently induced by TBS in 
healthy young adults (mean age 27 years). It was suggested that the increase in 
connectivity, along with the reduction in SICI following a single bout of aerobic 
exercise created an optimal environment for the induction of subsequent long-term 
potentiation or long-term depression type adaptations. Cirillo et al. (2011) attempted to 
probe the neurophysiological correlates of learning a complex motor task in young (20-
35 year olds) and old (60-75 year olds) adults by implementing a visuomotor tracking 
task that required matching the metacarpophalangeal joint angle of the index finger 
using abduction-adduction movements. This was completed as 3×6 minute training 
‘blocks’ over a single training ‘session’, and whilst tracking performance for older 
adults was consistently poorer compared to the young group, there were similar 
improvements in tracking error regardless of age. There were also increases in 
corticospinal excitability, and reductions in SICI recorded from the first dorsal 
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interosseous muscle following each training block, but these changes did not differ 
between the two groups. Although the study by Cirillo et al. (2011) provided evidence 
for modulation of corticospinal excitability and inhibition following a bout of motor 
training, the study failed to investigate the time-course of these neurophysiological 
changes after the cessation of the training stimuli.  
In contrast to studies investigating acute effects of exercise or motor training, there has 
been a plethora of studies that have shown neuroplasticity consistent with long-term 
potentiation (increased synaptic strength) or long-term depression (reduced synaptic 
strength) following a period of exercise or motor training. However, exercise and motor 
training induces experience-specific patterns of plasticity in which the demands of the 
task determine the direction of the training related response (Carroll et al. 2001a, 
Adkins et al. 2006, Beck et al. 2007). The following section will focus on neural 
adaptations following strength training, balance training and sensorimotor training due 
the functional relevance of these modes of training to older adults (see section 2.2; page 
9).  
2.7.1 Neural adaptations to strength training 
Strength training is the most comprehensively examined form of training with regards 
to neural adaptations, probably because the rationale for neural components contributing 
to strength gains is so strong. The most notable is the disproportionate relationship 
between changes in muscle strength and delays in changes of muscle size or architecture. 
That is, significant strength gains occur prior to muscle hypertrophy (Moritani 1979, 
Komi 1986, Enoka 1988, Hickson et al. 1994, Akima et al. 1999), and there is a 
significant loss of strength from either disuse or detraining that precedes muscle atrophy 
(Hakkinen et al. 1985, Duchateau & Hainaut 1987, Narici et al. 1989). Further evidence 
of neural mechanisms involved in strength training comes from the observation that 
unilateral strength training of one limb increases muscle strength in the contralateral 
limb (cross-education) (Enoka 1988, Hortobagyi 2005, Goodwill et al. 2012, Hendy et 
al. 2012, Hendy & Kidgell 2014). There is a great degree of conflict within the literature 
regarding the specific nature and locus of neuroplasticity as measured by TMS 
following strength training. For example, some studies have shown reductions in 
corticospinal excitability (MEP amplitude or RC parameters) after strength training 
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(Carroll et al. 2002, Jensen et al. 2005), some have shown no change (Kidgell & Pearce 
2010, Penzer et al. 2015), and others have shown significant training-related increases 
in the same outcome measures (Griffin & Cafarelli 2007, Carroll et al. 2009, Goodwill 
et al. 2012, Weier & Kidgell 2012b, Weier et al. 2012). Whilst these discrepancies 
could be related to methodological differences including testing protocols and muscles 
tested, it is more likely to be related to variations in training practices. For example, 
recent evidence suggests that strength training that involves ‘centrally demanding’ and 
highly constrained movements consistently results in neuroplastic responses similar to 
that of skill training or skill acquisition (Goodwill et al. 2012, Weier et al. 2012, Leung 
et al. 2015). Weier et al. (2012) reported significant increases in corticospinal 
excitability and reductions in SICI following four weeks of externally-paced strength 
training (EP-ST) in young adults. It was suggested that explicitly controlling the timing 
and range of movement (ROM) added an element of skill or novelty to the task that 
required complex neural activation and integration between brain regions, and evoked 
preferential modulation of neural networks compared to simple or unconstrained 
movements. This rationale was the result of a non-strength training study that compared 
wrist extension training under either self-paced or metronome-paced conditions and 
showed a facilitation of TMS responses in the externally-paced condition compared to 
self-pacing (Ackerley et al. 2011). More recently, Leung et al. (2015) compared the 
effects of visuomotor training (elbow flexion and extension), EP-ST (bicep curls), self-
paced strength training (bicep curls at an equivalent load), and no training (control 
group) on corticospinal excitability and SICI in young adults. As expected, they found a 
similar reduction in SICI and increase in corticospinal excitability to the biceps brachii 
muscle for the visuomotor and EP-ST groups, but no training-related changes in either 
variable for the self-paced strength training (despite equal training loads) or control 
groups. This study provides further evidence that there is an added complexity involved 
with externally pacing movements that makes them more centrally demanding, thus a 
promising candidate for inducing adaptive neuroplasticity in older adults. However, the 
effects and the time-course of such adaptations following EP-ST in older adults has not 




2.7.2 Neural adaptations to balance training 
There have been several studies that have investigated neural adaptations with TMS 
following balance training, with the majority focusing on adaptations in young adults 
after a period of four weeks of training (Beck et al. 2007, Taube et al. 2007, Schubert et 
al. 2008). Beck et al. (2007) and Schubert et al. (2008) compared the neural adaptations 
following four weeks of balance training, ballistic ankle strength training or no training 
(control group) in young adults (27 years). Their electrophysiological recordings were 
taken from the TA and gastrocnemius muscles under resting and active conditions, 
where the active conditions involved performing a task very similar to the training itself 
(i.e. dynamic plantarflexion or backward perturbation). Both studies reported task-
specific adaptations following the interventions, with significant changes only observed 
in the active conditions and not at rest. However, the interventions resulted in opposing 
directions of adaptations, with Beck et al. (2007) reporting a reduction in MEP 
amplitude following balance training and an increase in MEP amplitude following 
ballistic strength training. There were no changes in any measure for the control group. 
The same research group also published findings demonstrating that the reduction in 
corticospinal excitability observed in the balance training group was correlated to 
improvements in stance stability (Taube et al. 2007). 
Much less is known regarding the training-related adaptations following balance 
training in older adults. Only one study has used TMS to investigate the neural 
adaptations following balance training in older adults (Penzer et al. 2015). They 
investigated the effects of six weeks of predominantly strength or predominantly 
balance training interventions on corticospinal excitability in older adults with a mean 
age of 71 years. All participants trained twice a week for six weeks, with each session 
lasting approximately one hour. The training for the strength group consisted of one 
weekly session of strength exercises (three sets of 10 repetitions each of leg press, calf 
raises, hip extension) and one weekly session of combined strength (one set of 10 
repetitions of each exercise) and balance exercises (one set of approximately six balance 
exercises). The training for the balance group consisted of one weekly session of 
balance exercises (three sets of 10×30 seconds (s) balance exercises), and one weekly 
session of the combined exercises as previously described. Following training, there 
were no changes in MMAX or the maximum of the RC, but both groups experienced a 
45 
 
reduction in the slope of the RC. This suggests training-related changes in the activation 
patterns of corticospinal neurons, without changing the overall peak excitability of the 
corticospinal pathway. Interestingly, there were no differences in neural adaptations 
following the interventions between the training groups, despite the strength-focused 
group experiencing a significantly greater strength gain compared to the balance-
focused group.  
Whilst no studies have used TMS to investigate the time-course of adaptations 
following balance training, a recent study has shown that there are rapid changes in grey 
matter following a single one hour session (Taubert et al. 2016). This suggests that 
perhaps the greatest responses may be observed in the earliest learning phase of 
complex tasks. However, further research is necessary, particularly in older adults, to 
elucidate the time-course of neural adaptations following short- and long-term balance 
training. 
2.7.3 Neural adaptations to visuomotor training 
In contrast to strength and balance training, the majority of studies implementing a 
visuomotor task have investigated acute changes in TMS variables following a single 
training session. However, most have been conducted in young healthy adults. 
Visuomotor training is considered a form of ‘skill training’, which is defined as the 
acquisition and subsequent refinement of novel combinations of movement sequences 
(Adkins et al. 2006). The potential for skilled training to elicit significant changes 
within the CNS has long been established in rats, with skilled reach training shown to 
increase the complexity and density of forelimb motor cortical dendritic processes 
(Greenough et al. 1985, Withers & Greenough 1989, Bury & Jones 2002, Allred & 
Jones 2004) and synapses per neuron (Kleim et al. 2002, Kleim et al. 2004). This 
provides evidence that skilled tasks are highly potent neuromodulators, and is consistent 
with the notion that task complexity or novelty promotes and exploits adaptive 
neuroplasticity (Carey et al. 2005, Cramer et al. 2011, Paraskevopoulos & Herholz 
2013).  
Perez et al. (2004) provided the first rationale for complex visuomotor tracking tasks 
inducing neuroplasticity by comparing a dorsiflexion/plantarflexion visuomotor 
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tracking task with both self-paced and passive dorsiflexion/plantarflexion movements in 
young adults (mean 28 years). This study involved a single session of 8×4 minute 
blocks of the designated training stimulus, and MEPs were measured from the TA 
muscle pre- and post-training. The visuomotor tracking task resulted in increased 
corticospinal excitability following one training session, with no changes in the self-
paced or passive movement groups despite equivalent movement volumes. A similar 
finding was reported by Leung et al. (2015), who investigated the differences in MEP 
amplitude and SICI in young adults (mean 26 years) following a single session of an 
elbow flexion/extension visuomotor tracking, self-paced strength training or EP-ST. 
They reported increased corticospinal excitability and reduced SICI following 
visuomotor tracking and EP-ST, but not the self-paced strength training or control 
conditions. Importantly, this provides evidence of similar mechanisms in both upper and 
lower limbs. Interestingly, simply manipulating the difficulty level of the same 
visuomotor task influences neurological changes, as demonstrated by Pearce and 
Kidgell (2009). They showed that a simple static visuomotor task performed by the 
dominant index finger elicited no changes in corticospinal excitability, but increasing 
the difficulty and precision requirements of the same static task resulted in increased 
MEP amplitudes. In a subsequent study by the same group, they demonstrated similar 
findings in dynamic visuomotor tasks (Pearce & Kidgell 2010). This study involved a 
position tracking and force tracking task of the first dorsal interosseous muscle in a slow 
and fast condition, and showed that the slow movement constraint elicited significant 
increases in corticospinal excitability in both tasks, with no changes observed in the fast 
condition. Cirillo et al. (2011) conducted the only study to date that has investigated the 
effects of visuomotor tracking on older adults. They compared the responses to 3×6 
minute metacarpophalangeal joint visuomotor tasks in young and older adults (mean 23 
and 67 years respectively), and demonstrated comparable increases in MEP and 
reductions in SICI post-training. This provides promising evidence that complex 
visuomotor tasks may be sufficiently centrally demanding to induce training-related 
adaptations in older adults.  
Only one study has implemented a long-term (four weeks) visuomotor tracking 
intervention, and they compared visuomotor training to strength training in young adults 
(mean 25 years) (Jensen et al. 2005). They tested MEP amplitude after the first training 
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session, and after four weeks of training, and showed consistent increases in MEP 
amplitude at both time-points for the visuomotor tracking group, but no change in 
corticospinal excitability following a single session of strength training and reductions 
in corticospinal excitability following four weeks of strength training. This indicates 
that the strength training implemented in this study was not centrally demanding, and 
the authors posed the question ‘is the ability to generate large force not a skill?’ They 
highlighted several factors that distinguished learning the visuomotor tracking task 
implemented in their study, and ‘learning’ to generate maximal force. These factors 
included novelty of the task, visual feedback, complexity of the task, and pattern of 
somatosensory feedback relating to the training. It was concluded that from an applied 
perspective, it is not only important to generate maximal force (as most training 
interventions aim to achieve), but also to do it at a particular time and with maximal 
precision. It is clear that further research investigating the training-related adaptations 
following visuomotor tracking tasks is necessary, particularly in older adults given the 
potential of this stimulus to elicit positive neuroplasticity. 
2.8 Summary 
Ageing is accompanied by age-related impairments in functional ability, primarily due 
to age-related losses in muscle mass, muscle strength, muscle power, rate of force 
development and compromised proprioceptive acuity. These factors can contribute to 
impaired balance and gait, and an elevated risk of falls in older adults. In addition to 
these functional deficits, ageing is one model of maladaptive neuroplasticity, which 
implies negative behavioural consequences following age-related neurodegeneration. 
This neurodegeneration is both structural and functional, but importantly, older adults 
exhibit the capacity to experience adaptive neuroplasticity following various 
experimentally induced or use-dependent neuromodulatory protocols. Several forms of 
exercise and motor training have been shown to induce neural adaptations, as measured 
by TMS, following a period of training. However, much of this research has been 
conducted in young adults, and little is known regarding the time-course of adaptations 
following training. Given the functional benefits of strength, balance and visuomotor 
training in directly targeting age-related motor deficits, these are ideal contenders for 
improving functional outcomes in older adults. However, as highlighted in this review 
of the literature, training interventions need to be sufficiently ‘centrally demanding’ in 
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order to maximise neurological adaptations. EP-ST, challenging balance training and 
complex visuomotor tracking all appear to challenge the neurological system by 
involving demanding multisensory inputs, thus they may induce favourable outcomes 
for age-related losses of balance, strength, power and movement control, whilst 
simultaneously improving cortical and corticospinal control of movement. This 
provides two exciting possible outcomes for implementing these interventions in an 
elderly cohort: 1) it is likely to counteract and/or prevent impending age-related declines 
in neurophysiological integrity and functional performance; and 2) it may reverse 
existing deficits thus improving neurophysiological integrity and functional ability. 
However, it is not yet known which of these modes of multisensory exercise training 
would offer superior outcomes for functional ability, nor which mode would 
preferentially induce neuroplasticity in older adults over time. Once these questions 
have been answered, it may be possible to provide an aversion to reduced functional 
independence commonly brought on by advancing age. This literature review has 
provided a strong rationale for the research questions arising from this thesis, based 
upon the gaps identified within the literature. It is valuable and necessary to determine 
neurophysiological differences that may exist between young and older adults, but it is 
imperative that research now moves towards determining the functional relevance of 
potential changes in corticospinal control, and further our understanding of the capacity 















Relationship between TMS derived neurophysiological measures and 
performance in lower body functional tasks in young and older adults. 
3.1 Introduction 
The central nervous system (CNS) consists of a large repertoire of neural resources that 
enables humans to interact with their external environment. This allows engagement in 
higher order functioning to achieve an impressive range of complex motor activities 
with precise control. Disruptions or damage to these resources caused by injury, illness 
or natural neural degeneration occurring with advancing age results in impaired 
performance in motor behaviours (Kennedy & Raz 2005, Rosano et al. 2008, Warraich 
& Kleim 2010). To date, there have been several studies that have shown associations 
between age-related reductions in grey and/or white matter volume or integrity and 
performance in a range of functional indices, including spatial (step width and step 
length) and temporal (double support time) gait characteristics (Rosano et al. 2008); 
balance/postural control and age-related ataxia (Sullivan et al. 2009, Sullivan et al. 
2010); reaction time (Zhu et al. 2014); and fine motor variability (Zahr et al. 2009, 
Holtrop et al. 2014). Despite evidence supporting associations between structural CNS 
integrity and motor function, few studies have used transcranial magnetic stimulation 
(TMS) to determine if there are age-related changes in the corticospinal tract (CST), and 
most importantly, whether neurophysiological changes are functionally meaningful in 
relation to performance in functional tasks.  
There have been conflicting findings from published studies regarding the nature of 
corticospinal changes that occur with age in parameters including corticospinal 
excitability or inhibition (i.e. active motor threshold (AMT) / resting motor threshold 
(RMT), motor evoked potential (MEP) amplitude, recruitment curve (RC) parameters, 
area under RC, and silent period (SP)) and short-interval intracortical inhibition (SICI). 
Some studies have demonstrated no differences in TMS derived neurophysiological 
measures between young and older adults, and other studies have shown significant 
differences including increased AMT/RMT, suppression of MEP amplitude, and a 
reduction in SP duration. There have also been mixed findings relating to age-related 
changes in SICI (for review, see section 2.5.1; page 27). Regardless of this variability, 
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one fundamentally important limitation of existing literature is the lack of investigation 
into how differences may be manifested in the performance of motor tasks, specifically, 
functional lower-limb tasks. A study conducted by Marneweck et al. (2011) attempted 
to address this question in manual dexterity. They found an age-related decrease in SICI 
as well as an age-related decline in performance for all measures of manual dexterity 
(Purdue Pegboard test or two force-matching tasks). However, correlation analyses 
revealed no relationship between reduced SICI recorded from the first dorsal 
interosseous muscle and manual dexterity in older adults. Interestingly, they found that 
selective atypical facilitation observed in some participants, as determined by a SICI 
ratio greater than 1 in response to the SICI inducing conditioning:test-stimulus paired-
pulse TMS arrangement, was associated with poorer performance in the Purdue 
Pegboard test. This suggests that a shift in the balance between inhibitory and 
facilitatory processes within the primary motor cortex (M1) towards increased 
facilitation negatively impacts sequenced hand movements. Fujiyama et al. (2012a) 
reported an age-related difference in inter-limb coordination and relationship to both 
corticospinal excitability and inhibition (SP duration), and a subsequent study by this 
group showed that faster reaction times in a go/no-go task that involved rapid thumb 
extensions were associated with task-related increases in corticospinal excitability and 
SICI recorded from the flexor pollicis brevis in older adults (Fujiyama et al. 2012b). 
Collectively, these studies provide some data to support an association between TMS 
derived measures of neurophysiological function and motor ability primarily in the 
upper limbs. To date, little is known about the associations between TMS measures and 
lower-limb muscle function, despite the clinical relevance in relation to falls prevention 
and maintaining independence with advancing age.  
3.1.1 Study aims and hypotheses 
The aims of Study 1 were to:  
1. Use TMS to investigate age-related differences in corticospinal function 
(corticospinal excitability and SICI) to the tibialis anterior (TA) muscle, 




2. Evaluate performance differences between young and older adults across a 
range of lower-limb tasks including balance, muscle strength (dynamic knee 
extensor and isometric ankle dorsiflexion), visuomotor movement 
coordination, stair climbing ability (functional power) and an endurance 
walking task; 
3. Explore associations between indicators of age-related neuroplasticity 
(AMT and RMT as a percentage of maximal stimulator output (%MSO) and 
SICI) and lower-limb tasks.  
It was hypothesised that:  
1. There would be age-related differences in the CST as measured by TMS; 
2. Older adults would achieve consistently poorer results in all lower-limb 
tasks compared to younger adults; 
3. Poorer performance in the lower-limb tasks would be associated with higher 
corticospinal measures, including AMT, RMT and ratio of SICI. 
3.2 Methods 
The methods described in the following sections (3.2.1 to 3.2.4 of Study 1; pages 52-65) 
will form the basis for the methods and procedures for subsequent studies (Chapter 4 
and 5) in this thesis. Where appropriate for Study 2 and Study 3, the reader will be 
directed to the relevant sections of Study 1 for detailed descriptions of methods, and 
further details will be provided as necessary. 
3.2.1 Study design and participants 
This was a cross sectional study that included 15 young (mean ± standard deviation (SD) 
age: 23.3 ± 5.2 years, 7 males) and 17 older (age: 70.6 ± 5.1 years, 9 males) adults. 
Participants were recruited from the local community and Deakin University via flyers, 
word of mouth, and social networking websites. Participants were initially screened 
over the telephone using a research specific health/medical history questionnaire and the 
Waterloo Footedness Questionnaire (Appendix A; page 196) (Chapman et al. 1987). 
They were included based on the following criteria: right leg dominance, free of any 
musculoskeletal injuries or neurological impairments, not taking any medications 
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known to influence neurological function (e.g. antipsychotic, antidepressant, anxiety 
medications), and not participating in any organised training activities including 
strength training for at least 12 months. Eligible participants were subsequently invited 
to attend a face-to-face screening session where they were further screened for cognitive 
function using the ‘Mini Mental State Examination’ (MMSE) and an executive function 
screening tool. The MMSE (Appendix B; page 197) is a valid and reliable indicator of 
cognitive function or dysfunction, and consists of 30 questions; 10 relating to 
orientation (time and place), three relating to registering new information, five relating 
to attention and calculation, three that assess recall ability, eight relating to language 
skills, and one construction question (Folstein et al. 1975, Cummings 1993). The 
executive function screen (Appendix B; page 197) included tasks to test constructional 
apraxia (i.e. clock face drawing and pattern repetition), letter fluency (time-restricted 
word production of words beginning with a predetermined letter of the alphabet), 
impulsivity (go/no-go task) and inferential reasoning tasks (i.e. questions regarding the 
similarity between two conceptually similar objects) (Kipps & Hodges 2005). 
Participants were included in the study if they were cognitively healthy (MMSE 
score >25) and showed no sign of cognitive impairment in the executive screen test 
(scoring standards are shown in Appendix C; page 200). All participants provided 
written informed consent to the procedures of the study prior to participation. All 
procedures were approved by the Deakin University Human Research Ethics Committee 
(Approval number 2012-103), in accordance with the Declaration of Helsinki. 
Prior to the commencement of the study, all participants were required to attend a 
familiarisation session, and undergo a single testing session one week later. The 
familiarisation and testing sessions both involved ultrasonic imaging of the TA muscle 
of the right and left leg to assess muscle thickness; tests of balance; aerobic endurance 
(six minute walking); functional power (stair climb ability); dynamic knee extensor 
muscle strength and isometric ankle dorsiflexion strength; isokinetic dorsiflexion torque 
(power); and neurophysiological testing that involved single-pulse and paired-pulse 
TMS and peripheral nerve stimulation (PNS) targeting the right TA muscle. However, 
no data were recorded during familiarisation as the purpose was simply to acquaint the 
participant with the procedures of the study. A schematic representation of the 


















Figure 3.1 Schematic representation of participation requirements for Study 1.  
3.2.2 Testing protocols 
Muscle thickness 
Muscle thickness of the TA was measured using a Sonosite ultrasound (Washington, 
USA) according to the protocol of Hodges et al. (2003). The participants were seated in 
a chair with their feet at an ankle joint angle of 90°, and their hip and knee comfortably 
flexed 60-80°. A 6-15 Hz transducer probe was lubricated with water soluble 
transmission gel and then placed on the skin surface with minimal pressure to minimise 
underlying soft tissue distortion. The exact position of the probe was slightly inferior to 
the tibial tuberosity and parallel to the palpable edge of the tibia (Figure 3.2a; page 55). 
The muscle thickness was calculated as the distance (mm) from the tibial surface to the 
superficial border of the TA muscle, as viewed on a still image (Figure 3.2b; page 55). 
The average of six consecutive measurements with no more than 5% discrepancy was 
used for analysis. Intra-tester reliability for this measure was previously established 
with a coefficient of variation of less than 1% between testing sessions one week apart 
(P = 0.808; r = 0.999). 
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(a) (b)  
Figure 3.2 (a) Transducer position for the assessment of muscle thickness; (b) 
Representative still ultrasound image of the right tibialis anterior (TA) muscle. The 
dotted line represents the thickness of the TA muscle. 
Surface electromyography 
Surface electromyography (sEMG) activity was recorded from the right TA muscle 
using bipolar Ag-AgCl electrodes (centre-to-centre distance of 20 mm). Figure 3.3 
(page 56) shows the electrode placement used during this experiment. Electrodes were 
placed parallel and lateral to the medial shaft of the tibia, at approximately one-quarter 
to one-third of the distance between the knee and the ankle. A reference electrode was 
placed over the lateral malleolus to ensure no muscle activity was recorded. All cables 
were fastened with tape (not shown in Figure 3.3) to prevent movement artefact. The 
area of electrode placement was shaved to remove fine hair, rubbed with an abrasive gel 
to remove dead skin, and then cleaned with 70% isopropyl alcohol. Impedance was 
assessed with the inbuilt monitor within the PowerLab 4/35 (ADInstruments, Australia) 
hardware. sEMG signals were amplified (x1000) with bandpass filtering between 20 Hz 
and 1 kHz and digitised at 2 kHz for 500 ms prior to stimulation. All signals were 





Figure 3.3 Surface electromyography electrode placement on the tibialis anterior (TA) 
muscle and ground electrode placement on the lateral malleolus. 
Maximal compound wave (M-waves)  
M-waves were obtained from the TA via electrical PNS. A Digitimer (Hertfordshire, 
UK) DS7A constant-current electrical stimulator (pulse duration 1 ms) was used to 
deliver electrical pulses (separated by 6-9 s) to the peroneal nerve, slightly distal to the 
neck of the fibula (Tallent et al. 2012). The optimal site for stimulation was determined 
via exploratory stimulation of the nerve and observation of the resulting response 
amplitudes, and once identified, it was marked with a permanent marker. The current 
intensity was increased in 10% increments until the amplitude of the M-wave response 
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plateaued. The current intensity was then increased by a further 20% (to ensure 
supramaximal stimulation), and five stimuli were delivered to determine the maximal 
M-wave (MMAX). 
Corticospinal excitability  
Corticospinal excitability was assessed with TMS using a BiStim unit attached to two 
Magstim 2002 stimulators (Magstim Co, Dyfed, UK) to produce MEPs in the dominant 
(right) leg. A circular coil (90 mm) was centred over the vertex of the head, tangential to 
the skull, in an antero-posterior orientation in the optimal position for activating the M1 
representation of the TA with the counter-clockwise current flow (Cacchio et al. 2009). 
The sites near the estimated centre of the TA (approximately 2-3 cm posterior to the 
vertex) were explored to find the optimal site at which the largest MEP amplitude was 
obtained, and this area was marked as a 4-dot coordinate system inside the centre circle 
of the coil with a permanent marker. At the beginning of testing, participants performed 
a maximal voluntary isometric dorsiflexion contraction (MVIC) whilst seated in the 
testing chair. Root mean square (rms) sEMG was analysed for the MVIC and all TMS 
measures were subsequently attained during weak (10% maximal rms-sEMG) 
dorsiflexion. The target level of muscle activation was displayed on a computer monitor, 
with a highlighted range of 10% maximal rms-sEMG ± 5% discrepancy. Any response 
with pre-stimulus rms-sEMG that was not within this range was discarded to ensure that 
MEP amplitudes were not being altered by changes in pre-stimulus rms-sEMG. Motor 
threshold (MT) was determined as the minimum TMS intensity required to elicit a 
discernible MEP in resting and active conditions, as identified by a distinct MEP and 
presence of a SP. Under resting conditions (RMT), MEPs with an amplitude of at least 
50 μV were required in at least three out of five consecutive trials (Rossini et al. 1994, 
Jensen et al. 2005). AMT was established during a voluntary contraction of 10% of 
maximum rms-sEMG, and discernible MEPs with an amplitude of at least 200 μV were 
required in at least three out of five consecutive trials (Di Lazzaro et al. 1998b). The 
stimulus intensity started at 50% MSO and was altered in increments of ±1% MSO until 
the appropriate threshold level was achieved. Once AMT was established, the stimulus 
intensities required to create the TMS RC were determined. Stimulus intensities began 
at 80% of AMT (sEMG amplitude only), and increased in 20% increments until a 
plateau in MEP amplitude was reached. A single block consisted of 10 stimuli at a 
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single intensity (approximately 6-9 s separating each stimulus), and the order of 
presentation of the blocks was randomised throughout the trial according to a 
predetermined randomisation protocol (Weier et al. 2012). 
Short-interval intracortical inhibition (SICI)  
SICI testing involved 10 unconditioned single-pulse TMS stimuli and 10 conditioned 
paired-pulse TMS stimuli to induce SICI, and all responses were normalised to MMAX 
prior to calculation of SICI. The pair of stimuli to induce SICI consisted of a sub-
threshold (0.8×AMT) conditioning stimulus followed by a supra-threshold test-stimulus 
at an intensity that resulted in single-pulse MEPs of an amplitude of 20% MMAX, with 
an inter-stimulus interval (ISI) of 3 ms. All single-pulse and paired-pulse stimuli were 
presented according to a predetermined randomisation protocol, with a 6-9 s time period 
between each test-stimulus.  
Lower-limb task performance  
A series of lower-limb tasks were performed, which included a battery of validated 
functional tests to assess static balance; endurance and mobility; functional muscle 
power; visuomotor tracking tasks; dynamic knee extensor strength; and tests of peak 
isometric and isokinetic dorsiflexion torque. 
Static balance was assessed using four tasks, including:  
 Standing on left leg with eyes open 
 Standing on right leg with eyes open 
 Standing on left leg with eyes closed, and  
 Standing on right leg with eyes closed.  
For each task, participants were instructed to stand barefoot with their feet shoulder 
width apart, and to focus on a visual target placed 1 m in front of them (Hertel & 
Olmsted-Kramer 2007). Once the task was verbally explained, participants were 
instructed to begin the appropriate balance task on a ‘Go’ command, and a handheld 
stopwatch (TM-104, NYDA, China) was started. If the participant lost their balance 
within two minutes or if they opened their eyes during the ‘eyes closed’ tasks, the 
stopwatch was stopped at the time in which their balance was lost or eyes opened, and 
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this time was recorded. If they reached two minutes with no disruption to balance, the 
trial ended and it was recorded as a successful attempt.  
The six minute walk test is a safe and easily administered endurance test for people of 
all ages and is often used as a measure of age-related functional status as it is a reliable 
and valid integrated measure of endurance and mobility in older adults (Harada et al. 
1999, Enright et al. 2003). This test was conducted using a 30 m internal hallway with 
beginning and end points marked with cones. Participants were told that “the purpose of 
the test is to see how far you can walk in six minutes”. They were then told “when I say 
‘go’, you will walk as many laps of this path as possible, without running, until the six 
minute timer sounds’. Every second lap, participants were encouraged with phrases 
limited to “you’re doing great”, “well done, keep going”, and “keep up the good work”. 
The tester gave a time warning at three minutes and five minutes, and upon completion 
the total distance (in meters) was recorded.  
The stair climb test is a clinically relevant measure of leg muscle power (Bean et al. 
2007). Participants were instructed that “the purpose of this test is to see how quickly 
you can get to the top.” They were further instructed “on my ‘go’ command, you will 
walk from the bottom to the top of the stairs, one step at a time, as quickly and safely as 
possible. You may use the hand rail only if you feel unsafe, but try to reach the top on 
your own if you can”. There were 18 stairs with a 19 cm rise and 30 cm run. No 
participant used the hand-rail in any trial, and their time was recorded in seconds (s) 
using a stopwatch.  
A set of visuomotor tracking tasks were used to assess movement variability. 
Participants were seated on a standard desk to ensure their feet cleared the ground, and 
were instructed to sit with an erect posture, and slide as far back on the desk as possible 
until the edge of the desk collided with the posterior portion of their knee (which was 
flexed to 90°). Once in this position, the single-axis goniometer that drives the sensor 
icon within the software (to provide visual feedback of a representative foot) was fixed 
to the posterior surface of the participants’ foot at the base of the proximal phalanges. A 
goniometer was used to position the participants’ foot to 90° (task starting position) and 
the sensor was calibrated to this position within the visuomotor tracking software 
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(JGCode V2.0, Australia). Participants were shown a reference icon (Figure 3.4b; page 
61) on a computer monitor and asked to ‘mimic’ the movements of the reference limb 
as closely as possible. This was achieved by plantarflexing (cursor showed the 
representative foot moving down) and dorsiflexing (cursor showed the representative 
foot moving up) their ankle at the talocrural joint. Participants could see their total sum-
of-squares error (expressed as a percentage) throughout the task, but the intended versus 
actual sine-wave movement patterns were hidden to ensure maximal reliance on 
proprioceptive mechanisms. Participants completed 3×30 s tasks, with variations in the 
amplitude of the computer driven sine-wave pattern and the movement frequency of 
plantarflexion and dorsiflexion. The tasks were: 
 Task 1 - Range of movement (ROM) between 70-110° at a frequency of 0.2 Hz 
 Task 2 – ROM between 80-100° at a frequency of 0.4 Hz 
 Task 3 – ROM between 70-110° at a frequency of 1.1 Hz 
The tasks were delivered in a random order, and the error percentage (Pearce et al. 1998, 




Figure 3.4 (a) Example of visual feedback of time and the total sum-of-squares error 
(expressed as a percentage) during the visuomotor tracking task; (b) An example 
reference icon, where the red circle represents the hip, the blue circle represents the 
knee, the purple circle represents the ankle, and the green portion represents the foot.  
Maximal voluntary dynamic strength of the legs (knee extensors) of all participants 
was determined using a one-repetition maximum (1RM) test for the leg press exercise. 
This test was completed after the six minute walk test, which served as an aerobic warm 
up. Prior to attempting maximal loads, 2-3 warm-up sets with gradually increasing 
weight were performed. Given the lack of training experience in these individuals, the 
initial load was set to 30 kilograms (kg) for females and 50 kg for males, and 
participants were asked to rate the perceived difficulty of pushing this load on a 10 point 
scale (1 = Easy; 10 = Almost unable to complete). This was used to determine the load 
for subsequent warm-up sets, and to reduce the number of attempts required to 
determine their 1RM. If the participants attempt at the first test load was successful, the 
load was increased in 2-5% increments until the leg press could no longer be 
successfully completed, with a period of three minutes rest between attempts. The 1RM 
of all participants was determined in 3-5 attempts. The weight lifted (in kg) in the last 
successful attempt was recorded as the 1RM strength.  
An isokinetic dynamometer (Humac Norm, CSMi, Stoughton, USA) was used to 
determine the total dorsiflexion/plantarflexion ROM, MVIC torque of the dorsiflexors, 
and peak isokinetic dorsiflexion torque of the right ankle. The dynamometer was set-
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up according to standard protocols for assessing ankle dorsiflexion (Figure 3.5; page 62) 
(Computer Sports Medicine Inc. 2006).  
Figure 3.5 Example set-up of the isokinetic dynamometer to assess dorsiflexion and 
plantarflexion range of movement (ROM), maximal voluntary isometric dorsiflexion 
contraction (MVIC) torque, and peak isokinetic dorsiflexion torque. 
 
i) ROM: Once the participant was suitably strapped in, the dynamometer arm 
(attached to the participants’ foot) was calibrated to the 0° position, and 
participants were instructed to “pull your foot back towards your shin as far 
as possible, and then point your toes down towards the ground as far as you 
can”. The ROM was recorded in degrees. This was only performed once as 
it was necessary to determine the position of safety stops based upon the 
upper and lower limits of ROM to prevent the risk of injury in subsequent 
testing.  
ii) MVIC: The MVIC test consisted of a single trial of three maximum 
isometric dorsiflexion contractions, each lasting five seconds, with a period 
of 60 s rest separating each contraction. Participants were instructed to “pull 
your foot back towards your shin as hard as you possibly can and hold it 
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until I say stop”. Verbal encouragement was provided during the 
contractions, and the highest torque output (N·m) of three attempts was 
recorded as the participant’s maximum effort.  
iii) Dorsiflexion torque: Peak dorsiflexion torque was assessed with a single 
trial of three repetitions each at 120°s-1, 180°s-1 and 240°s-1. Participants 
were instructed to “pull your foot back towards your shin as far as you can 
and then push your foot forward towards the ground as far as you can. Try 
to change direction and move your foot as quickly as possible in both 
directions”. Strong verbal encouragement was provided to participants, as 
well as visual feedback of the torque exerted (N·m), to increase the exertion 
and obtain maximal efforts. The peak torque for each movement velocity 
was recorded. 
All MVIC and isokinetic dorsiflexion torque data were normalised to TA muscle 
thickness to account for potential differences in muscle size between groups.  
3.2.3 Data analyses 
Pre-stimulus rms-sEMG (uV) was determined in the TA over a 100 ms period prior to 
each TMS stimulus. MEP amplitudes were analysed using custom ADInstruments 
LabChart (version 8) software, providing peak-to-peak values in mV and were then 
normalised to MMAX. RCs were constructed by plotting stimulus intensity against MEP 
amplitude (% of MMAX).  
The slope, plateau values, and V50 were determined by applying a non-linear Boltzmann 
sigmoidal equation, and subsequently the area under the RC (Carson et al. 2013) was 
























 s represents stimulus intensity. 
 Top represents the MEP plateau value (peak height). 
 Bottom represents the minimum MEP values. 
 V50 represents the stimulus intensity at which MEP amplitude is halfway 
between top and bottom. 
 Slope represents the steepness of the curve. 








Thus, an increase in the paired-to-single-pulse ratio represents a reduction in SICI and 
vice versa. 
3.2.4 Sample size calculations and statistical analyses 
The number of participants required was based on power calculations for the expected 
differences in mean MEP amplitude between young and older adults. Using previous 
studies that have compared MEPs in young and older adults (Peinemann et al. 2001, 
Kossev et al. 2002, Oliviero et al. 2006, Smith et al. 2009, McGinley et al. 2010, 
McGregor et al. 2011), it was estimated that a minimum of 14 participants in each 
group (a total of 28) would be required to provide at least 80% power to detect a 34% 
difference in MEP amplitude assuming a SD of 5% between groups at P ≤ 0.05 (two-
tailed). Recruitment resulted in 15 young adults and 17 older adults. 
All data were screened for normal distribution using Shapiro-Wilk tests, and Levene’s 
test was used to determine homogeneity of variances. No homogeneity violations were 
detected, and all data were found to be normally distributed except for ROM, MVIC, 
and the top and slope of the RC. For normally distributed variables, means were 
compared using an independent t-test, with the exception of visuomotor tracking error, 
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balance and peak isokinetic dorsiflexion force. Visuomotor tracking error was assessed 
using a two group × two intra-task time point (i.e. five and 30 s) × three task analysis of 
variance (ANOVA), balance (eyes closed condition) was assessed using a two group × 
two leg × two vision condition ANOVA, and dorsiflexion torque was assessed using a 
two group × three condition ANOVA. For ROM, MVIC, and the top and slope of the 
RC, the nonparametric equivalent of a t-test (Mann-Whitney U test) was used to 
compare differences between groups due to violation of normality. If effect sizes were 
required to aid the interpretation of tests of significance, Cohen’s d conventions were 
set at small (0.25), moderate (0.5) or large (0.8) (Cohen 1988). Pearson’s correlation 
analysis was used to examine the relationship between the TMS measures of RMT 
(%MSO), AMT (%MSO) and SICI, with the lower-limb tasks separately for young and 
older adults. For all comparisons, P ≤ 0.05 was regarded as significant. Data is 
presented as means ± SD in-text and tables, and means ± standard error (SE) in figures. 
3.3 Results 
3.3.1 Descriptive characteristics 
A total of 32 participants took part in this study; which consisted of 15 young and 17 
older adults. Characteristics of participants are summarised in Table 3.1 (page 65).  
Table 3.1 Participant characteristics. 
Variable Young (n = 15) Old (n = 17) 
Age (years) 23.3 ± 5.2 70.6 ± 5.1 
Height (cm) 169.2 ± 10.9 171.6 ± 9.7 
Mass (kg) 67.6 ± 15.9 76.5 ± 9.4 




3.3.2 Maximal compound wave 
Table 3.2 (page 68) shows the mean ± SD MMAX for young and older adults. There was 
a significant 14% difference in MMAX between young and older adults (P = 0.05; Figure 






Figure 3.6 Mean (± SE) maximal compound wave (MMAX) amplitude (mV) in young 
and older adults. Older adults had a 14% lower amplitude of MMAX compared to young 
adults. * P ≤ 0.05 versus young.  
3.3.3 Corticospinal excitability 
The mean ± SD data for corticospinal excitability variables between the young and 
older adults is shown in Table 3.2 (page 68). Older adults required 33%, 36% and 37% 
stronger stimuli for RMT, AMT and to achieve 20% MMAX compared to the young 
adults, and the stimuli used during TMS testing of older adults were all significantly 
higher in comparison to young adults (all P ≤ 0.001; Figure 3.7; page 67). Interestingly, 
the resulting MEPs at each point on the RC did not differ in either raw (mV) or 
normalised (%MMAX) forms (P > 0.05), and there were no significant differences in RC 
parameters or area under the RCs between the groups (both P > 0.05; Figure 3.8; page 
69). However, there was a moderate effect (d = 0.549 and d = 0.577) suggesting that the 
RC top and area under the RC was diminished with age, even after accounting for age-
related differences by normalising raw data to MMAX. Figure 3.9 (page 69) shows 
representative curves of two participants, with (a) showing MEP amplitude (%MMAX) 
67 
 
graphed against stimulus intensity as a %MSO, and (b) showing MEP amplitude 






Figure 3.7 Mean (± SE) stimulus intensity required to elicit a motor evoked potential 
(MEP) in rested tibialis anterior (TA; RMT); active TA (10% rms-sEMG; AMT) and a 
MEP with an amplitude equal to 20% maximal compound wave (MMAX) in young and 
older adults. Older adults required significantly higher stimulus intensities for all 




 Table 3.2 Summary of neurophysiological results between the young and older adults. 
Variable Young Old % Difference 
MMAX (mV) 13.4 ± 2.4 11.7 ± 2.4 -14* 
RMT (%MSO) 47.3 ± 4.7 66.2 ± 8.1 33** 
AMT (%MSO) 35.7 ± 4.6 51.2 ± 6.2 36** 
20% MMAX (%MSO) 47.3 ± 5.8 68.9 ± 11.2 37** 
Bottom (%MMAX) 1.4 ± 2.5 3.3 ± 3.2 81 
Top (%MMAX) 40.0 ± 13.1 38.3 ± 10.2 -4 
V50 (%MSO) 138.2 ± 13.3 132.5 ± 10.6 -4 
Slope (AU) 16.3 ± 7.7 12.9 ± 5.0 -23† 
Area under curve (AU) 2601 ± 902 2113 ± 792 -21† 
SICI (%) 35.7 ± 9.6 35.9 ± 11.4 1 
All data is presented as mean (± SD) † d > 0.5; * P ≤ 0.05; ** P < 0.001. Percentage 
difference represents older adults minus young adults, divided by young adults, 
multiplied by 100. MMAX = maximal compound wave; RMT (%MSO) = resting motor 
threshold (% maximal stimulator output); AMT = active motor threshold; SICI = short-
interval intracortical inhibition. 
3.3.4 Short-interval intracortical inhibition 
SICI, expressed as percentage between conditioned paired-pulse MEP amplitudes 
(%MMAX) to unconditioned single-pulse MEP amplitudes (%MMAX) was 35.7 ± 9.6% 
and 35.9 ± 11.4% for young and older adults respectively (Table 3.2; page 68). This 




Figure 3.8 Mean (± SE) motor evoked potential (MEP) amplitude (%MMAX) 
recruitment curve (RC) for the TA muscle for young (grey line) and older (black line) 
adults. Active motor threshold (AMT) is represented as 100% AMT, with data collected 
at stimulus intensities 80% AMT (surface electromyographic amplitude), increasing in 
increments of 20% AMT until the MEP amplitude (%MMAX) reached a plateau. There 
were no significant age-related differences in bottom, top, slope or V50 (P > 0.05), 
although moderate effect sizes were observed suggesting a trend for reduced ‘top’ (d = 
0.549) and reduced area under the curve (d = 0.577) in older adults.  
Figure 3.9 Mean motor evoked potential (MEP) amplitude (%MMAX) recruitment curve 
(RC) for a representative young (grey line) and representative older (black line) adult. (a) 
Presents the MEP amplitude (%MMAX) graphed against stimulus intensity as a 
percentage of maximal stimulator output (%MSO). (b) Presents the MEP amplitude 




3.3.5 Lower-limb tasks and tibialis anterior muscle thickness 
Mean ± SD results for lower-limb tasks and muscle thickness are summarised in Table 
3.3 (page 71). Older adults took 46% longer to complete the stair climb; covered 20% 
less distance in the six minute walk test; demonstrated 41% less dynamic leg strength 
(1RM leg press); and had 14% less dorsiflexion/plantarflexion ROM of the right foot 
compared to young adults (all P ≤ 0.001). There were no differences in raw MVIC 
torque between groups (P = 0.272), however, the older adults had a significantly 
greater TA muscle thickness in both the left (P = 0.002) and right (P = 0.029) legs 
compared to the young group. Once the MVIC of the right leg was normalised to the 
thickness of the right TA, the young group had 25% greater force per mm of muscle 
thickness (P = 0.027). There was a significant group effect on normalised isokinetic 
dorsiflexion torque output (P ≤ 0.001), with independent t-tests confirming older 
adults had significantly less torque relative to TA muscle thickness than young adults at 
120 (P ≤ 0.001), 180 (P = 0.003) and 240°s-1 (P = 0.003). For the balance tests, all 
young adults balanced for the full 120 s when standing on their left and right legs with 
their eyes open (thus parametric tests were not possible), but older adults only balanced 
for an average of 48.9 ± 41.2 and 54.3 ± 43.5 s on their left and right legs respectively 
under the same conditions. In the eyes closed condition, no participant regardless of age 
were able to balance for a full 120 s, thus allowing parametric tests. The older adults 
balanced for 6.2 ± 5.8 and 13.2 ± 27.8 s on their left and right legs respectively, which 
was significantly less than the 53.9 ± 21.8 and 55.5 ± 27.6 s achieved by the young 
adults (both P ≤ 0.05).  
Table 3.4 (page 72) shows the mean ± SD sum-of-squares error for each visuomotor 
tracking task and intra-task time point (five or 30 s). There was a significant effect of 
group on tracking error performance (P = 0.001), with younger adults consistently 
performing with less error compared to older adults in all tasks and intra-task time 
points. However, both age groups successfully improved their tracking accuracy by 22 
to 39% between five and 30 s during each task, demonstrating a significant effect of 
‘intra-task time point’ (P ≤ 0.001).  
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Table 3.3 Mean (± SD) values for balance, muscle strength, power, endurance, and 
tibialis anterior muscle thickness for young and older adults, and net differences 
between groups.  
Variable Young Old % Difference 
Stair climb (s) 4.2 ± 0.3 6.7 ± 1.5 46** 
Six minute walk (m) 723 ± 33.9 595 ± 91.3 -20** 
Balance - Left leg, eyes open (s) 120.0 ± 0.0 48.9 ± 41.2 N/A 
Balance - Right leg, eyes open (s) 120.0 ± 0.0 54.3 ± 43.5 N/A 
Balance - Left leg, eyes closed (s) 53.9 ± 21.8 6.2 ± 5.8 -159* 
Balance – Right leg, eyes closed (s) 55.5 ± 27.6 13.2 ± 27.8 -123* 
Leg press 1RM (kg) 230.4 ± 60.7 152.1 ± 50.3 -41** 
Ankle ROM (degrees) 68.2 ± 6.8 58.9 ± 7.3 -15* 
Left TA thickness (mm) 25.0 ± 3.6 29.3 ± 3.7 15* 
Right TA thickness (mm) 25.6 ± 4.0 28.7 ± 3.8 12* 
MVIC (N·m) 28.7 ± 9.7 25.5 ± 9.8 -12 
MVIC/TA thickness (N·m/mm) 1.1 ± 0.3 0.9 ± 0.3 -25* 
Torque 120ºs-1/TA thickness (N·m/mm) 0.59 ± 0.1 0.38 ± 0.1 -43** 
Torque 180 ºs-1/TA thickness (N·m/mm) 0.57 ± 0.1 0.43 ± 0.1 -28* 
Torque 240 ºs-1/TA thickness (N·m/mm) 0.59 ± 0.1 0.44 ± 0.1 -29* 
Note: Differences were N/A for balance tasks with eyes open because all young adults 
successfully completed two minutes and the test was terminated. † d > 0.5; * P ≤ 0.05; 
** P < 0.001. 1RM = single repetition maximum; ROM = range of movement; TA = 
tibialis anterior; MVIC = maximal voluntary isometric contraction. 
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Table 3.4 Mean (± SD) visuomotor tracking sum-of-squares error for young and older 
adults, and net differences between groups and intra-task time points of five and 30 s. 
Variable Young Old % Difference 
Task 1 – 5s 18.5 ± 6.8 24.4 ± 7.2 27* 
Task 1 – 30s 14.9 ± 5.8 18.3 ± 4.8 21* 
% Difference -22* -28*  
Task 2 – 5s 21.7 ± 7.9 27.6 ± 10.6 24* 
Task 2 – 30s 16.5 ± 8.1 20.7 ± 6.7 23* 
% Difference -28* -28*  
Task 3 – 5s 24.1 ± 6.4 38.9 ± 11.0 47* 
Task 3 – 30s 18.5 ± 6.5 26.1 ± 6.5 33* 
% Difference -26* -39*  
* P ≤ 0.05. Task 1 - Range of movement (ROM) between 70-110° at a frequency of 
0.2 Hz; Task 2 - ROM between 80-100° at a frequency of 0.4 Hz; Task 3 - ROM 
between 70-110° at a frequency of 1.1 Hz. 
3.3.6 Correlations 
The relationships between TMS measures (AMT, RMT and SICI) and lower-limb 
variables were explored using Pearson’s correlation analyses (Table 3.5; page 73). In 
younger adults, there were no significant relationships between TMS measures and 
performance in lower-limb tasks. In contrast, there were significant correlations 
observed between AMT and the error at the five second intra-task time point in 
visuomotor tracking tasks two (r = 0.48, P = 0.05; Figure 3.10; page 74) and three (r = 
0.50, P = 0.04; Figure 3.11; page 74) in older adults, suggesting that higher thresholds 
in active conditions but not resting conditions affect proprioceptive acuity and/or 
efferent control over sensorimotor tasks in older adults. The fact that only the five 
second intra-task time point correlated with AMT, and only in tasks two and three 
suggests that task complexity may be implicated in the earlier stage of the task (i.e. a 
more confined ROM (80-100°) in task two and a high frequency movement (1.1 Hz) in 
task three). SICI was negatively correlated with the error at the five second intra-task 
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time point in the second visuomotor tracking task (r = -0.60, P = 0.01; Figure 3.13; page 
75) as well as stair climb time (r = -0.51, P = 0.04; Figure 3.12; page 75) in older adults. 
However, care should be taken when interpreting these findings, given that lower 
percentages of SICI actually indicate higher levels of inhibition (see section 3.2.3; page 
63). Therefore, higher tracking error at five seconds in the second visuomotor task and 
slower stair climb times were associated with lower percentages of SICI (i.e. higher 
levels of inhibition) within the M1.  
 
Table 3.5 Correlation coefficients and P-values (in parentheses) for the association 
between selected neurological measures and lower-limb physical function variables in 
young and older adults separately.  
Variable 













Stair climb (s) 
0.183 -0.034 0.029 -0.195 -0.273 -0.511 
(0.515) (0.897) (0.919) (0.454) (0.326) (0.036)* 
6 min walk 
(m) 
0.187 0.254 -0.175 0.293 0.305 0.381 
(0.504) (0.325) (0.534) (0.254) (0.268) (0.132) 
Vis 1 (5s) 
0.163 0.003 0.198 0.174 -0.106 -0.015 
(0.561) (0.990) (0.479) (0.504) (0.706) (0.955) 
Vis 1 (30s) 
0.063 -0.217 -0.074 -0.076 -0.281 0.082 
(0.825) (0.403) (0.794) (0.772) (0.311) (0.754) 
Vis 2 (5s) 
-0.382 0.484 -0.253 0.201 -0.206 -0.595 
(0.160) (0.049)* (0.364) (0.440) (0.462) (0.012)* 
Vis 2 (30s) 
-0.290 0.076 -0.376 -0.101 -0.216 -0.085 
(0.294) (0.771) (0.167) (0.699) (0.438) (0.745) 
Vis 3 (5s) 
-0.396 0.504 -0.149 0.365 0.312 -0.343 
(0.144) (0.039)* (0.597) (0.149) (0.257) (0.178) 
Vis 3 (30s) 
-0.326 0.043 0.005 -0.120 0.104 -0.379 
(0.236) (0.869) (0.985) (0.645) (0.711) (0.133) 
* P ≤ 0.05. 
74 
 
Figure 3.10 Scatterplot showing the relationship between active motor threshold (AMT) 
as a percentage of maximal stimulator output (%MSO) and visuomotor tracking error 
(%) at five seconds in task two for young (grey dots) and older (black dots) adults. * P ≤ 
0.05. 
 
Figure 3.11 Scatterplot showing the relationship between active motor threshold (AMT) 
as a percentage of maximal stimulator output (%MSO) and visuomotor tracking error 




Figure 3.12 Scatterplot showing the relationship between short-interval intracortical 
inhibition (SICI; %) and stair climb time (sec) for young (grey dots) and older (black 
dots) adults. * P ≤ 0.05. 
Figure 3.13 Scatterplot showing the relationship between short-interval intracortical 
inhibition (SICI; %) and visuomotor tracking error (%) at five seconds in task two for 







It is well established through imaging studies that changes in the volume and integrity 
of grey and white matter help to explain functional deficits in older adults (Rosano et al. 
2008, Sullivan et al. 2009, Zahr et al. 2009, Sullivan et al. 2010, Holtrop et al. 2014, 
Zhu et al. 2014). However, this is the first TMS study that has investigated relationships 
between indices of CST integrity (TMS threshold intensities and SICI) and lower-limb 
performance in young and older adults. In young adults, there were no significant 
relationships between any neurological and lower-limb task variables. However, higher 
AMT was associated with greater error at five seconds in the second and third 
visuomotor tracking tasks in older adults, and greater levels of intracortical inhibition 
were associated with slower stair climb speed and poorer accuracy at five seconds in the 
second visuomotor tracking task. The present study also observed that older adults 
required significantly larger stimulus intensities to elicit MEPs in the right TA 
compared to young adults in both resting and active conditions, but there were no age-
related differences in any TMS evoked response once normalised to a significantly age-
reduced MMAX. This suggests that corticospinal excitability, as measured by TMS, may 
not be as impaired by ageing as previously thought. Finally, as hypothesised and 
consistent with previous research, older adults performed consistently worse in all 
lower-limb physical tasks, which suggests that the tests used were sensitive to the 
effects of ageing. 
3.4.1 Maximal compound wave and corticospinal excitability 
The finding that older adults had a significantly lower MMAX amplitude compared to 
young adults in the present study is consistent with the findings from previous studies 
(Kido et al. 2004, Sale & Semmler 2005, Cirillo et al. 2011). Whilst both Cirillo et al. 
(2011) and Sale and Semmler (2005) reported larger age-related reductions in MMAX 
(26% and 31% respectively), both of these studies recorded M-waves from the first 
dorsal interosseous muscle which may experience different losses in function compared 
to the lower limb. Reduced MMAX is a very important consideration in research that 
utilises TMS because TMS measures are recorded via sEMG from a target muscle. 
Therefore, if there are changes in MMAX for any reason, including age-related reductions, 
this must be accounted for to ensure comparability of results between participants, as 
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well as to account for variations at the peripheral level when testing with multiple time 
points.  
Age alone has been shown to explain up to 16% of the variance in MMAX amplitude 
between participants (Rivner et al. 2001), which is likely a result of age-related 
deterioration of peripheral nerve structure and function (Papegaaij et al. 2014), as well 
as a preferential loss of type II muscle fibres (Aagaard et al. 2010). For example, 
morphological studies in aged rodents have reported 38% and 46% losses in myelinated 
and unmyelinated fibres respectively of peripheral nerves in the leg (Ceballos et al. 
1999, Verdú et al. 2000), with humans reported to experience 37% and 38% losses 
respectively in similar fibres (Jacobs & Love 1985). McNeil et al. (2005) estimated and 
compared the number of motor units in the TA in young (25 years), old (65 years) and 
very old (>80 years) men, and reported a 40% loss of motor units by age 65, and a 
further 33% reduction in surviving motor units in those aged > 80 years, which suggests 
that there is degeneration of efferent pathways to this muscle. A reduction in nerve 
stimulation response amplitude is an outcome associated with deteriorated peripheral 
nerve function, which occurs due to age-related structural changes in the peripheral 
nervous system.  
Another key finding from this study was that older adults required an average of 35% 
higher stimulus intensities to evoke MEP’s in the right TA at rest and during weak 
voluntary dorsiflexion (10% rms-sEMG) compared to young adults. However, once the 
resulting evoked responses were normalised to an individuals’ MMAX, there were no 
significant differences between the groups at any point on the RC or in any of the RC 
parameters. The RC parameters provide information relating to the net physiological 
strength of corticospinal projections responsible for target muscle activation, as well as 
global excitability of the CST (Capaday 1997, Devanne et al. 1997, Ridding & 
Rothwell 1997). Although there were no differences in these variables, a trend emerged 
that indicated older adults were able to recruit a lesser proportion of their motoneuron 
pool at the highest stimulus intensities, even though the rate of increase in MEP 
amplitude with increasing stimulus intensities was comparable between young and older 
adults. This suggests that corticospinal function may be spared in healthy older adults. 
However, there is a lack of agreement in the literature regarding interpretation of input-
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output parameters of the RC. For example, Pitcher et al. (2003) examined age and sex 
differences in human M1 input-output characteristics measured from the first dorsal 
interosseous muscle and constructed RCs which showed a significant rightward shift for 
older adults. Stevens-Lapsley et al. (2013) also investigated age-related differences in 
corticospinal excitability and SICI in young and older adults, but studied a lower 
extremity muscle (vastus lateralis). They reported a similar significant rightward shift in 
RCs for older adults, and this rightward shift is understood to represent an age-related 
reduction in corticospinal function. To summarise these results, the resulting MEP is 
suppressed in older adults at a given stimulus intensity (%MSO); and to achieve a MEP 
of a given size, the stimulus intensity must be significantly higher in older adults. 
However, this rightward shift is merely a reflection of the way in which the RC has 
been constructed and interpretation should be approached with caution. These studies 
constructed group RCs with stimulus intensity as a percentage of MSO on the x-axis 
rather than accounting of individual differences in threshold and using a percentage of 
AMT. A comparison of RCs based upon identical representative data is demonstrated in 
Figure 3.9 (page 69), where panel (a) represents a ‘shifted’ RC in older adults, but when 
the x-axis is normalised to AMT (panel b), this rightward shift is no longer obvious. 
Therefore, when stimulus intensities were selected relative to the individuals AMT, the 
evoked responses actually reflected activation of a similar proportion of the motoneuron 
pool at all points on the curve, regardless of age. This suggests that corticospinal 
function assessed by TMS may not be as impaired as previously thought. The 
importance of accounting for differences in AMT when constructing RC’s was 
established by Weier and Kidgell (2012a), who concluded that this approach is vital for 
studies with multiple conditions, groups and/or time points.  
The finding of higher RMT and AMT requires special attention here, as the significance 
may be totally independent of corticospinal integrity. Requiring a larger stimulus 
intensity to elicit a response usually indicates that the most sensitive neurons may be 
further from their firing potential, thus representing a reduction in excitability (Chen 
2000, Hallett 2000). However, another viable and likely explanation is the distance from 
coil contact on the scalp to the cortex. Kozel et al. (2000) investigated how coil-to-
cortex distance relates to age and MT, and found that distance accounted for up to 49.7% 
of variability across individuals, with MT significantly increasing with a greater 
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distance to the motor cortex; a finding that was later confirmed by List et al. (2013). 
This provides strong evidence that distance is critical in determining the energy 
necessary for depolarising the pyramidal neurons in the M1, and this distance is 
increased with age due to cortical thinning (Salat et al. 2004, List et al. 2013). Although 
magnetic resonance imaging (MRI) was not possible in the present study, it is 
reasonable to suspect that cortical thinning accounted for variations in AMT. 
This study showed no difference in SICI between young and older adults, which 
supports the majority of previously published data (Wassermann 2002, Oliviero et al. 
2006, Rogasch et al. 2009, Fujiyama et al. 2011, Fujiyama et al. 2012b, Stevens-
Lapsley et al. 2013, Bashir et al. 2014). However, comparisons and interpretations of 
SICI data must also be pursued with caution due to substantial differences in data 
analyses and testing protocols between studies. Lackmy and Marchand-Pauvert (2010) 
provided an in-depth investigation into different approaches to investigating SICI and 
indicated that if SICI is evaluated with a protocol based upon raw sEMG data, inter- and 
intra-individual comparisons are biased due to variations in recording conditions. They 
suggest that the most reliable technique involves normalisation of the test MEP to MMAX, 
given that the estimation of SICI is based upon a discharge of spinal motoneurons and 
the generation of a compound muscle action potential in the form of a MEP. The 
protocol used in the current study involved a test-stimulus that produced a MEP 
corresponding to 20% MMAX, which adjusted for some of the non-linear properties at 
the spinal, and possibly cortical levels, and accounted for differences in MMAX between 
subjects. Given that many previous studies investigating age-related changes in SICI 
have evaluated MEP size in mV based upon raw sEMG, it is likely that different 
proportions of spinal motoneurons have been activated by the test-stimulus; further 
complicated by potential differences in spinal excitability with age; thus making 
comparisons difficult.  
3.4.2 Lower-limb physical tasks and functional deficits 
The present study showed that older adults achieved consistently poorer results in all 
lower-limb tasks compared to young adults. On average, they covered 20% less distance 
in the six minute walk test, took 46% longer to complete the stair climb test, lifted 41% 
less in the leg press, produced 15-30% less dorsiflexion torque, had up to 159% poorer 
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balance and 15% less range of motion through plantar/dorsiflexion. None of these 
results are surprising given the widely reported and well accepted age-related reductions 
in strength, power and overall physical function experienced by older adults (Skelton et 
al. 1994, Aagaard et al. 2010, Lustosa et al. 2011, Williamson 2011, Yoon et al. 2011). 
Additionally, the older adults in this study experienced greater error at all time points of 
all visuomotor tasks compared to the young group, which was expected due to the 
deterioration of ankle joint position sense and general proprioception that occurs with 
age (Skinner et al. 1984).  
3.4.3 Relationships between age-related neuroplasticity and lower-limb tasks 
A novel aspect of this study is that we explored the relationships between performance 
in lower-limb tasks and selected TMS-derived neurophysiological variables (AMT, 
RMT and SICI). AMT accounted for 24% and 25% of the variance in visuomotor 
tracking error at the five second intra-task time point in tasks one and two in older 
adults, and this correlation was positive indicating that higher AMT was associated with 
greater error. The second and third visuomotor tracking tasks used in this study were the 
most challenging with regards to proprioceptive input. Task two involved a smaller 
ROM (80-100° compared to 70-110° for tasks one and three) at a slow frequency (0.4 
Hz), thus required greater movement control at the upper and lower limits of the 
movement. Task three was performed at more natural ROM limits (70-110°), but at a 
much faster frequency (1.1 Hz compared to 0.2 Hz and 0.4 Hz in tasks one and two). 
The significant correlations between AMT and visuomotor tracking error for tasks two 
and three, but not task one (the easiest task with a natural ROM and slow frequency) 
suggest that perhaps there is an effect of task complexity that is associated with 
increased AMT in older adults. Similarly, the correlations between AMT at the five 
second intra-task time point in these two tasks, but not at 30 s for the same tasks 
supports evidence of impaired proprioceptive acuity, delayed reaction times and less 
accurate movement trajectories in older adults (Petrella et al. 1997, Tsang & Hui-Chan 
2004). Interestingly, the direction of correlations between young and older adults for 
AMT and tracking error was opposing, with a trend for higher thresholds in young 
adults contributing to lower tracking error. However, the higher thresholds reported for 
young adults were approximately equivalent in magnitude to the lower thresholds 
reported for the older adults, and the near intersection of these two correlations indicate 
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some ‘ideal’ value (approximately 40-42% of AMT). Given that lower thresholds in 
older adults appear to have a positive influence on proprioceptive acuity, but lower 
thresholds in young adults appear to be detrimental, it suggests that the fundamental 
mechanisms contributing to threshold under active conditions in both young and older 
adults are substantially different. Another factor of interest is that only AMT was 
correlated with some measures of lower-limb function, not RMT, despite there still 
being a significant age-related increase in RMT in older adults. This demonstrates a 
significant importance of voluntary activation of the TA (even though at very low levels) 
or movement planning, and suggests that the effects these factors have on motor output 
and subsequent movement performance are altered with age. This supports previous 
evidence of altered motor-output from the M1, changes in the motoneuron 
population/motor unit properties influencing voluntary muscle force output and joint 
torques; and impaired afferent somatosensory function (Darling et al. 1989, Stergiou et 
al. 2006, Goble et al. 2009, Christou & Enoka 2011) as being potential contributors to 
impaired proprioceptive acuity in older adults. However, further studies with larger 
sample sizes would be needed to confirm these results. 
Lower levels of inhibition within the M1 were also associated with greater accuracy (i.e. 
less tracking error) at five seconds in the second visuomotor task and faster stair climb 
times for older adults, but not for young adults. The average levels of SICI were 
comparable between young (35.7%) and older adults (35.9%). However, this baseline 
level of inhibition accounted for 35% (R2 = 0.354) and 26% (R2 = 0.262) of the variance 
in the relevant tracking task and stair climb time respectively for older adults, and only 
4% (R2 = 0.042) and 7% (R2 = 0.074) in young adults. These age-specific relationships 
support the work of Fujiyama et al. (2012b), who showed that SICI was correlated with 
pre-movement time in a reaction time task for older adults, but not young adults. The 
combination of the findings of the present study and that of Fujiyama et al. (2012b) 
shows a meaningful effect of SICI with ageing on performance, and although the age-
related differences in SICI appear to be negligible at first glance, it is important to note 





There are several considerations that must be acknowledged based upon limitations of 
this study. Firstly, this was a cross-sectional study thus findings should be interpreted 
with caution due to inability to infer cause and effect and a relatively small sample size. 
Secondly, despite screening for physical activity in the 12 months prior to the study, the 
older adults are likely to have had vastly different training backgrounds. This is known 
to impact both physical (Gates et al. 2008, Manini & Pahor 2009, Giné-Garriga et al. 
2014) and neurological function (Cramer et al. 2011, McGregor et al. 2011, McGregor 
et al. 2013) in older adults. Also, while TMS is a valuable tool to assess corticospinal 
function and paired-pulse TMS was used to probe the intracortical inhibitory changes, it 
would be ideal for future studies to include simultaneous comparisons of subcortical 
and spinal measures to further elucidate specific sites of adaptations within the CST that 
might influence age-related changes in function. Finally, some factors discussed are 
speculative due to the unavailability of MRI data, which, if available, would greatly 
strengthen our conclusions by allowing concurrent morphological and physiological 
analyses.  
3.4.5 Conclusion 
The present study showed clear functional deficits in older adults, as evidenced by 
consistently poorer performance in all lower-limb tasks; and older adults required 
significantly higher stimulus intensities to elicit TMS evoked motor responses of 
equivalent amplitudes compared to young adults. Whilst this could be suggestive of 
reduced corticospinal excitability, it is more likely indicative of cortical thinning 
increasing the coil-to-cortex distance. There were also significant correlations between 
AMT and SICI and some visuomotor tracking tasks, as well as SICI and stair climb 
speed, but this was unique to older adults. This supports mechanistic differences 
between young and older adults in the ways in which neurological processes contribute 
to the performance of lower-limb tasks. Finally, this study highlighted the importance of 
accounting for differences in peripheral nerve responses and exercising caution when 
interpreting TMS data for comparative purposes. This should become common practise 
when using TMS to investigate within or between group changes in any context or 













Acute neurophysiological responses to a single session of externally-
paced strength training, challenging balance training or visuomotor 
training in older adults 
4.1 Introduction 
The degeneration of neurological structure and function experienced by older adults due 
to advancing age has been well described, and include reductions in grey and white 
matter (Raz et al. 1997, Courchesne et al. 2000, Good et al. 2001, Jernigan et al. 2001, 
Resnick et al. 2003). However, there is some evidence that the central nervous system 
(CNS) of older adults is still capable of modulating neural activity in response to 
various motor tasks, albeit perhaps to a lesser magnitude or in a delayed manner 
compared to young adults (Rogasch et al. 2009, Bashir et al. 2014, Fujiyama et al. 2014, 
Kishore et al. 2014). It is known that the locus and nature of neuroplasticity is 
dependent upon the demands imposed on the CNS as a result of movement constraints 
and complexities of specific tasks (Warraich & Kleim 2010). Research over recent years 
has demonstrated that tasks with a high degree of difficulty or skill, such as visuomotor 
training (Perez et al. 2004, Pearce & Kidgell 2009, Pearce & Kidgell 2010, Cirillo et al. 
2011), can induce beneficial neuroplastic changes in older adults (see section 2.7; page 
39).  
Whilst the benefits of a single session of aerobic and anaerobic exercise are well 
reported with regards to cognitive performance (Lichtman & Poser 1983, Hogervorst et 
al. 1996, Kubesch et al. 2003, Tomporowski et al. 2005, Winter et al. 2007, Schneider 
et al. 2009), little is known regarding acute changes in neurophysiological function 
following a single bout of activity. Studies in young adults implementing a single bout 
of aerobic training (ergometer cycling) with variations in intensities and durations 
between studies have shown increased connectivity within sensorimotor-related brain 
networks (Rajab et al. 2014), reduced short-interval intracortical inhibition (SICI) with 
unaltered corticospinal excitability (Smith et al. 2014), and enhanced neuroplastic 
effects induced by theta-burst stimulation (TBS) (McDonnell et al. 2013). Additionally, 
use-dependent neuroplasticity has been achieved in as little as a single exposure to 
centrally demanding stimuli (e.g. active rather than passive thumb movements, and 
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ballistic sustained contractions rather than slow sustained contractions) in young adults, 
which is likely a result of motor learning that reflects the novelty of the task (Kaelin-
Lang et al. 2005, Selvanayagam et al. 2011). The acute neuroplastic response to any 
form of training interventions in older adults has not been extensively investigated. One 
study conducted by Cirillo et al. (2011) included older adults (60-75 years), and 
investigated motor performance and neurophysiological measures following a single 
session of three blocks of a visuomotor tracking task. This study found that regardless 
of age, there were similar increases in corticospinal excitability and reductions in SICI 
following each training block. This provides evidence that older adults can acutely 
modulate corticospinal activity following a single-bout of challenging motor training. 
However, one key limitation of this study is that it failed to investigate the time-course 
effects following motor training.  
Balance and strength training are two interventions that hold importance for older adults 
due to their relevance to specific balance and lower-limb strength deficiencies in this 
cohort, but there is currently no literature available to articulate the acute 
neurophysiological responses following a single session of these interventions in an 
elderly population. With careful consideration and planning of these training protocols, 
it is plausible that they could challenge the existing capabilities of older adults by 
introducing novel multisensory functions. For example, strength training may be 
explicitly controlled and externally paced (via an audible metronome; EP-ST); 
challenging balance training (BAL) may involve unpredictable extrinsic perturbations, 
and visuomotor training (VIS) may involve randomised movement patterns with 
varying movement constraints (e.g. frequency and range of the movement). This type of 
manipulation of relatively standard intervention strategies can help to achieve a 
‘centrally demanding’ training stimulus, and may make them ideal contenders for 
interventions that can improve the neuromuscular prospects of ageing (Reid et al. 2008, 




4.1.1 Study aims and hypotheses 
The aims of Study 2 were to:  
1. Use transcranial magnetic stimulation (TMS) to investigate the time-course 
of acute changes in corticospinal excitability (motor evoked potential (MEP) 
amplitude) and SICI in older adults following a single session of EP-ST, 
BAL and VIS training compared to a group that did not train at all (control; 
CTRL); 
2. Determine if corticospinal excitability and SICI were modulated in a task-
dependent manner.  
It was hypothesised that:  
1. A single training session (independent of training type) would induce 
transient changes in corticospinal excitability (increased MEP amplitude) 
and SICI (reduced); 
2. There would be a group effect indicating a task-dependent response in older 
adults. 
4.2 Methods 
The methods for surface electromyography (sEMG), maximal compound wave (MMAX), 
corticospinal excitability and SICI in Study 2 were identical to those described in the 
relevant sections of Study 1 (pages 52-65). The training protocols that were used in 
Study 2 are detailed in section 4.2.2 (pages 89-91). All participants allocated to a 
training group performed a five minute moderate intensity warm-up (with a perceived 
exertion of 11 [light] to 13 [somewhat hard] on the Borg scale; Appendix D; page 201) 
on a cycle ergometer prior to beginning their respective training.  
4.2.1 Study design and participants 
This experimental study included 41 healthy older adults, with a mean ± standard 
deviation (SD) age of 69.7 ± 5.5 years. All 17 participants of the older adults group 
from Study 1 elected to continue their involvement in Study 2, and the remaining 
participants were recruited from the local community in an identical manner (as 
described in section 3.2.1; page 52). All screening (including inclusion/exclusion 
87 
 
criteria) and familiarisation protocols were identical to those used in Study 1 (see 
section 3.2.1; page 52). Informed consent to the procedures of the study was obtained 
from all participants, including those who participated in Study 1, prior to participation, 
and all procedures were approved by the Deakin University Human Research Ethics 
Committee (Approval number 2012-103), in accordance with the Declaration of 
Helsinki. A schematic representation of the participation requirements for this study can 
be seen in Figure 4.1; page 88. Following the familiarisation session, participants were 
systematically (based upon age and gender) allocated to one of four experimental 
groups: 
1. CTRL; n = 8 (4 males) 
2. BAL; n = 12 (7 males) 
3. VIS; n = 12 (5 males) 
4. EP-ST; n = 9 (5 males) 
The experimental session involved a pre-testing session, an acute bout of the allocated 
training stimulus (i.e. BAL; VIS; or EP-ST), and a post-testing session. The training 
stimuli were matched for session time (45 minutes). The CTRL group underwent 
baseline testing, waited for 45 minutes in the laboratory, and then underwent testing at 












































Figure 4.1 Schematic representation of participation requirements for Study 2. TMS = 
transcranial magnetic stimulation; MMAX = maximal compound wave; AMT = active 
motor threshold; SICI = short-interval intracortical inhibition.  
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4.2.2 Training protocols 
For all training protocols, strong consideration was given to work and rest periods in an 
effort to match ‘training dose’ as closely as possible between training groups. Specific 
timing of work sets and rest across the 45 minute training sessions are outlined under 
the relevant training mode headings.  
Challenging balance training (BAL) 
Participants allocated to the BAL group undertook a single (45 minute) supervised 
balance training session. The training involved 12 functional balance tasks with varying 
stance conditions (i.e. single or double-legged), vision (i.e. eyes open or eyes closed) 
and surface stability (i.e. rigid ground surface or dura-disc) to progressively increase 
difficulty.  
The tasks involved participants standing on:  
1) Two legs with their eyes open on a rigid surface;  
2) Two legs with their eyes closed on a rigid surface;  
3) Two legs with their eyes open on an unstable surface;  
4) Two legs with their eyes closed on an unstable surface;  
5) Left leg with their eyes open on a rigid surface; 
6) Right leg with their eyes open on a rigid surface; 
7) Left leg with their eyes closed on a rigid surface; 
8) Right leg with their eyes closed on a rigid surface; 
9) Left leg with their eyes open on an unstable surface; 
10) Right leg with their eyes open on an unstable surface; 
11) Left leg with their eyes closed on an unstable surface; and 
12) Right leg with their eyes closed on an unstable surface. 
A single set involved progressing through tasks in order from 1-12, performing 30 s of 
each condition with a six second transition between tasks throughout the set. A total of 
four sets were performed, and the rest period between sets was 5.5 minutes. This 
resulted in approximately 24 minutes of work time and 21 minutes rest time during the 
45 minute session. Participants were instructed to begin each task on the command ‘Go’, 
and to try and remain balanced for the entire 30 s. If they lost their balance, they were to 
resume the task as quickly as possible and continue for the remainder of the 30 s. There 
was no penalty for losses of balance, however performance was coded in a training 
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diary based upon whether the entire 30 s was completed with or without a loss of 
balance (Appendix E; page 202). If participants were able to complete the entire 30 s 
without losing their balance or opening their eyes in the eyes closed tasks, a tick was 
recorded in their training diary, but if they lost their balance or opened their eyes, a 
cross was recorded. During the first set, all participants performed the tasks 
independently. However, if a tick was recorded for any of the 12 tasks, a challenge in 
the form of an external physical perturbation (represented by ‘C’ in the training diary) 
was provided by the researcher for that task in all subsequent sets. If a cross was 
recorded, the participant continued to perform the original task independently in 
subsequent sets until they could successfully perform it for the full 30 s. 
Visuomotor training (VIS) 
Participants who were allocated to the VIS group undertook a single (45 minute) 
supervised visuomotor training session. Participants performed the tracking task in five 
blocks of four minutes 45 s, with five minutes 15 s separating each set. This resulted in 
approximately 24 minutes of work time and 21 minutes rest time during the 45 minute 
session. There were eight visuomotor conditions, including ranges of movement (ROM) 
and frequencies set at: 
 70-110°; 0.6 Hz 
 80-110°; 0.2 Hz 
 70-110°; 1.4 Hz 
 80-100°; 0.2 Hz 
 60-120°; 1 Hz 
 80-100°; 0.6 Hz 
 70-110°; 0.2 Hz 
 80-100°; 0.2 Hz 
The frequency and range of the sine-waves were presented in a random order every 15 s 
throughout each four minute 45 s set across the session to avoid any ceiling effects. This 
was achieved by adding 15 s clips of each condition to a playlist in Windows media 
player on a personal computer connected to a projector. The playlist was set to ‘shuffle’ 
for the duration of the training to randomise the presentation of the stimulus. No 
feedback was provided to participants regarding movement accuracy or performance, 
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but they were encouraged to pay attention to the ROM and the speed of the movement 
in each condition and adjust their movement accordingly.  
Externally-paced strength training (EP-ST) 
Participants who were allocated to the EP-ST group undertook a single (45 minute) 
supervised strength training session of the lower body. The training involved four sets 
of five functional lower-limb strengthening exercises in a dual-task condition involving 
external pacing. Participants were given a MP3 player (Sony NWZ-B173F, China) to 
use during each training session that had an inbuilt recording of verbal instructions to 
ensure consistency of instructions between sessions and participants. In addition, an 
audible metronome beep (set at 60 Hz) was incorporated into the recording to ensure 
strict repetition timing for each exercise. Participants performed each exercise at a 
weight where they could achieve 8-12 repetitions (i.e. 8-12 repetition maximum; RM). 
These loads were determined based upon the overall physical capabilities of the older 
adults, and in some cases, factors such as grip strength and physical discomfort limited 
the prescribed load making it potentially less indicative of true muscular strength. The 
exercises included:  
1) Step-ups onto a 20 cm block whilst holding dumbbells in both hands; 
2) Exercise ball wall squats whilst holding dumbbells in both hands;  
3) Resisted plantarflexion on a calf-training machine;  
4) Resisted dorsiflexion; and  
5) Seated leg press.  
When performing step-ups, participants were instructed to perform one repetition in 
three seconds (three ‘beeps’), and all other exercises were performed with a three 
second eccentric phase, followed by a three second concentric phase. With these 
movement velocities, four sets of 12 repetitions resulted in a maximum of 24 minutes of 
work time during the 45 minute session, and a total of 21 minutes rest time.  
4.2.3 Data analyses 
Data analysis procedures related to TMS were identical to those used in Study 1 (see 




4.2.4 Sample size calculations and statistical analyses 
It was difficult to provide an estimation of the expected magnitude of change for 
neurological variables in this study due to a lack of previous research of this nature in 
older adults. For example, no study has compared between-group differences in older 
adults following these particular interventions, and the time-course effects following an 
acute bout of targeted exercise has not been explored in older adults. Therefore, our best 
efforts were taken to estimate sample size based upon effect sizes observed for MEP 
amplitude and SICI in other studies, either performed in young adults or with a different 
mode of exercise (Cirillo et al. 2011, McDonnell et al. 2013). This allowed a priori 
sample size calculations for a repeated measures within-between group interaction 
analysis of covariance (ANCOVA) using G*Power version 3.1.9.2 (Kiel, Germany). 
The number of groups was adjusted from four (EP-ST; BAL; VIS; CTRL) to five (four 
experimental groups plus one covariate of baseline data); and it was estimated that a 
total of 10 per group would provide an actual power of 0.81 to detect a moderate effect 
size of 0.4 between the training groups and controls for changes in MEP amplitude and 
SICI, assuming a type I error probability of 0.05 and based on four repeated 
observations (baseline, 5 minutes post; 30 minutes post; 60 minutes post) and a non-
sphericity epsilon (ε) correction of 1.  
Tests for normality were identical to those described in Study 1 (section 3.2.4; page 64). 
If data at all four time points were found to be normally distributed, a repeated-
measures (four groups × four time points) ANCOVA, with baseline values indicated as 
the covariate, was used to evaluate time and group effects, and group-by-time 
interactions for each dependent variable. Mauchly’s test statistic was used to determine 
the sphericity of the data. If the condition of sphericity was not met (P ≤ 0.05), the 
degrees of freedom were adjusted based upon the extent of the violation. If the 
Greenhouse-Geisser estimate of sphericity (ε) was > 0.75, the Huynh-Feldt correction 
was used, but if ε was ≤ 0.75, the Greenhouse-Geisser correction was used. Where a 
significant time or group-by-time interaction was observed in the repeated measures 
ANCOVA, the data file consisting of normalised raw change values was split by group, 
and a one way analysis of variance (ANOVA) was performed to compare mean 
differences of the change from baseline for post hoc analyses. If data at one or more 
time points for a given variable violated normality, parametric tests were used; however 
the results were verified with non-parametric equivalent tests (Friedman and Wilcoxon 
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Signed Rank tests) to ensure the non-normal data did not affect results. There were no 
variables that violated normality at all time points. Effect size conventions were 
identical to those described in Study 1 (see section 3.2.4; page 64).  
4.3 Results 
4.3.1 Descriptive characteristics 
A total of 41 participants took part in the study (BAL, n = 12; VIS, n = 12; EP-ST, n = 
9; CTRL, n = 8). Characteristics of the participants are summarised in Table 4.1 (page 
94). There were no between group differences in age (P = 0.614), height (P = 0.665) or 
body mass (P = 0.181).  
4.3.2 Training data 
All participants in the VIS group completed the full five sets of visuomotor tracking. 
However, the BAL and EP-ST groups experienced slight within and between variations 
of training dose as shown in Appendices E-F (pages 202-203). For example, some 
participants received challenges for balance tasks earlier due to successful completion 
of the task independently, whilst other participants continued to perform the tasks 
without a challenge due to an inability to maintain their balance for the full 30 second 
block. The EP-ST group performed 8-12 repetitions for all training tasks, however some 
participants were able to complete four full sets of 12 repetitions for all exercises, whilst 
others were not, thus causing slight differences in actual time-under-tension.  
94 
 
Table 4.1 Participant characteristics for those in the control (CTRL), balance (BAL), visuomotor (VIS) and externally-paced strength training 
(EP-ST) group. 
Variable CTRL BAL VIS EP-ST 
Age (years) 68.6 ± 4.2 68.8 ± 6.0 71.5 ± 6.0 69.6 ± 5.5 
Height (cm) 169.9 ± 9.1 167.8 ± 8.0 171.8 ± 10.1 172.3 ± 9.9 
Mass (kg) 81.5 ± 5.3 71.2 ± 12.4 71.9 ± 12.0 81.7 ± 21.8 
RMT (%MSO) 67.0 ± 6.5 60.3 ± 12.6 63.7 ± 11.5 60.3 ± 7.3 
AMT (%MSO) 54.1 ± 5.5 46.3 ± 9.1 48.2 ± 7.2 47.7 ± 8.1 
MMAX (mV) 12.4 ± 2.8 12.5 ± 2.0 11.1 ± 2.0 12.1 ± 2.5 
20% MMAX (%MSO) 69.0 ± 8.0 63.6 ± 16.0 66.8 ± 14.7 68.9 ± 16.1 
SICI (%) 35.0 ± 11.9 32.0 ± 10.7 37.7 ± 11.3 41.3 ± 7.5 
MEP amplitude 120% AMT (%MMAX) 16.5 ± 5.1 12.4 ± 5.2 13.0 ± 8.8 11.1 ± 6.1 
MEP amplitude 160% AMT (%MMAX) 32.2 ± 7.6 31.3 ± 10.6 31.5 ± 13.3 28.4 ± 12.9 
Values represent mean ± SD. RMT (%MSO) = resting motor threshold (% maximal stimulator output); AMT = active motor threshold; MMAX = 
maximal compound wave; SICI = short-interval intracortical inhibition; MEP = motor evoked potential.
95 
 
4.3.3 Maximal compound wave  
Mean ± SD MMAX results are shown in Table 4.2 (page 97). There was a main effect for 
time (F3,108 = 4.54; P = 0.005) and group (F3,36 = 3.85; P = 0.017), as well as a 
significant group-by-time interaction (F9,108 = 2.36; P = 0.018) largely due to an increase 
in MMAX in the EP-ST group compared to a reduction in the BAL group over time 
(Figure 4.2; page 95). Within group analysis revealed that the EP-ST group experienced 
a gradual increase in MMAX up to 30 minutes post-training. That is, the 30 minutes post-
training change was significantly larger than the five minute post-training change (P = 
0.039) and baseline (P = 0.032). In contrast, in the BAL group, MMAX was reduced by 
7.6% at five minutes post-training compared to baseline (P = 0.02), and it remained 
depressed by 10.4% and 9% from baseline at 30 and 60 minutes post-training 
respectively (P = 0.01 and P = 0.05). However, there were no differences detected 
between MMAX for any post-training time points for the BAL group; and no changes at 
any time point for the CTRL or VIS groups compared to baseline or between post-
training time points (all P > 0.05).  
Figure 4.2 Normalised mean ± SE percentage changes relative to baseline in MMAX at 
five, 30 and 60 minutes post-training in the control (CTRL), balance (BAL), visuomotor 
(VIS) and externally-paced strength training (EP-ST) group. P ≤ 0.05 * vs baseline; # vs 
five minutes post; a vs CTRL; b vs BAL; c vs VIS. 
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4.3.4 Corticospinal excitability 
There were no differences in pre-stimulus root mean square (rms)-sEMG between 
groups, and there were no changes over time for any group or group-by-time 
interactions (all P > 0.05).  
Mean ± SD corticospinal excitability data is presented in Table 4.2 (page 97). There 
were no main effects for time (F3,108 = 7.24; P = 0.416) or group (F3,36 = 1.30; P = 0.288) 
observed in amplitudes of evoked responses (MEPs) elicited at stimulus intensities 
equal to 120% of AMT once normalised to MMAX. However, for responses at 160% of 
AMT, there was a significant group effect (F3,36 = 3.12; P = 0.038), but no main effect 
for time (F3,108 = 2.50; P = 0.064). There were also no group-by-time interactions 
observed for 120% of AMT (F9,108 = 1.59; P = 0.127) or 160% of AMT (F9,108 = 1.71; P 
= 0.095) despite increases in MEP amplitude (%MMAX) of up to 49% in the VIS group 
compared to baseline at 120% of AMT, and up to 18% in the BAL group compared to 
baseline at 160% of AMT (Figure 4.3; page 96). This is likely due to the large inter-
individual variability as evident by the large SDs reported in Table 4.2 (page 97).  
Figure 4.3 Normalised mean ± SE percentage changes relative to baseline in MEP 
amplitude (%MMAX) at (a) 120% active motor threshold (AMT) and (b) 160% AMT at 
five, 30 and 60 minutes post-training in the control (CTRL), balance (BAL), visuomotor 




Table 4.2 Raw data (mean ± SD) and P-values for maximal compound wave (MMAX; mV), motor evoked potential (MEP) amplitude (%MMAX) at 
120% active motor threshold (AMT), and MEP amplitude (%MMAX) at 160% AMT in the control (CTRL), balance (BAL), visuomotor (VIS) and 
externally-paced strength training (EP-ST) group. 
Variable Group 
Time (minutes) P-value  
0 5 30 60 Time Group (Group × Time) 
MMAX 
CTRL 12.4 ± 2.8 12.3 ± 2.7 12.3 ± 2.5 12.3 ± 2.3 
0.005 0.017 0.018 
BAL 12.5 ± 2.0 11.4 ± 1.6 11.1 ± 1.8 11.2 ± 2.1 
VIS 11.1 ± 2.0 10.7 ± 2.2 10.8 ± 1.9 10.6 ± 2.0 
EP-ST 12.1 ± 2.5 12.2 ± 2.0 13.0 ± 3.4 12.7 ± 2.3 
MEP amplitude 
(%MMAX) at 120% 
AMT 
CTRL 16.5 ± 5.1 16.5 ± 6.1 16.4 ± 6.0 17.1 ± 5.6 
0.416 0.288 0.127 
BAL 12.4 ± 5.2 14.6 ± 8.5 15.6 ± 7.7 15.4 ± 9.8 
VIS 13.0 ± 8.8 15.3 ± 9.5 17.7 ± 9.8 14.5 ± 6.3 
EP-ST 11.1 ± 6.1 12.2 ± 6.9 11.4 ± 6.6 12.4 ± 7.4 
MEP amplitude 
(%MMAX) at 160% 
AMT 
CTRL 32.2 ± 7.6 32.6 ± 9.3 32.4 ± 8.3 32.1 ± 8.6 
0.064 0.038 0.095 
BAL 31.3 ± 10.6 34.9 ± 11.5 36.0 ± 10.3 36.2 ± 12.2 
VIS 31.5 ± 13.3 33.1 ± 13.3 34.4 ± 12.0 33.1 ± 12.2 
EP-ST 28.4 ± 12.9 28.7 ± 14.4 26.1 ± 12.4 27.6 ± 12.6 
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4.3.5 Short-interval intracortical inhibition 
Mean ± SD data relating to SICI is presented in Table 4.3 (page 99). SICI measures 
were obtained with a test-stimulus that resulted in a MEP amplitude that was 20% of 
MMAX, and neither the test-stimulus nor the MEP amplitude changed over time or 
between groups (all P > 0.05). For SICI (%), there was a significant main effect for time 
(F2,73 = 5.31; P = 0.007), group (F3,36 = 11.72; P < 0.001) and group-by-time interaction 
(F6,73 = 3.25; P = 0.007) due to a training-related reduction in SICI for BAL, VIS and 
EP-ST groups, but not the CTRL group (Figure 4.4; page 98). Within group analyses 
revealed a 17.8%, 18.4% and 23.9% reduction in SICI by five minutes post-training for 
the EP-ST (P = 0.008), VIS (P = 0.001), and BAL (P = 0.005) groups respectively 
compared to baseline, but no change for the CTRL group (P = 0.724). SICI continued to 
decline up to 60 minutes post-training compared to pre-training for all training groups 
(all P < 0.05), with the reductions peaking after 60 minutes at 31.9%, 40.6% and 52.4% 
for the VIS, EP-ST and BAL groups respectively.  
Figure 4.4 Mean ± SE percentage changes relative to baseline in short-interval 
intracortical inhibition (SICI) at 5, 30 and 60 minutes post-training in the control 
(CTRL), balance (BAL), visuomotor (VIS) and externally-paced strength training (EP-
ST) group. Note: An increase in change score represents a reduction in SICI. P ≤ 0.05 * 
vs baseline; # vs five minutes post; a vs CTRL.
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Table 4.3 Raw data (mean ± SD) and P-values for motor evoked potential (MEP) amplitude (%MMAX) at the desired test-stimulus (20% MMAX), 
short-interval intracortical inhibition (SICI) amplitude (%MMAX), and SICI (%) in the control (CTRL), balance (BAL), visuomotor (VIS) and 
externally-paced strength training (EP-ST) group. 
Variable Group 
Time (minutes) P-value  




CTRL 20.3 ± 0.4 20.2 ± 0.6 19.9 ± 0.8 20.5 ± 0.5 
0.305 0.290 0.112 
BAL 20.2 ± 0.5 20.2 ± 0.5 20.5 ± 0.5 20.1 ± 0.7 
VIS 20.4 ± 0.7 20.3 ± 0.7 20.3 ± 0.8 20.1 ± 1.0 
EP-ST 20.4 ± 0.4 20.4 ± 0.4 20.1 ± 0.8 19.5 ± 2.1 
Paired-pulse MEP 
amplitude (%MMAX) 
CTRL 7.1 ± 2.5 7.1 ± 2.1 6.9 ± 1.9 7.1 ± 2.3 
0.012 0.000 0.023 
BAL 6.5 ± 2.1 7.7 ± 2.1 8.6 ± 1.7 9.4 ± 2.8 
VIS 7.7 ± 2.4 9.0 ± 2.6 9.2 ± 2.4 9.8 ± 2.8 
EP-ST 8.4 ± 1.6 9.8 ± 1.7 10.5 ± 1.8 11.1 ± 2.4 
SICI (%) 
CTRL 35.0 ± 11.9 35.1 ± 10.8 35.0 ± 10.3 34.7 ± 10.9 
0.007 0.000 0.007 
BAL 32.0 ± 10.7 38.0 ± 10.5 41.8 ± 8.5 46.6 ± 13.2 
VIS 37.7 ± 11.3 44.4 ± 13.2 45.3 ± 12.1 48.8 ± 13.4 




This is the first study to investigate the neurophysiological response, and in particular 
the time-course of responses of older adults to a range of different acute sensorimotor 
activities, specifically BAL, VIS and EP-ST training. The results showed that a single 
exposure to the three different types of training stimulus could significantly reduce SICI 
compared to baseline and compared to CTRL, and interestingly, these reductions 
became progressively greater until finally peaking at 60 minutes post-training. However, 
increases in MEP amplitude normalised to MMAX of up to 49% at 120% AMT (at 30 
minutes post-training for the VIS group) and up to 18% at 160% of AMT (at 30 minutes 
post-training for the BAL group) were not statistically significant, most likely due to the 
large degree of inter-individual variability in the responses. Finally, there was also a 
significant interaction detected in MMAX due to a decline in MMAX for the BAL group 
and a potentiation of MMAX for the EP-ST group. Collectively, these findings show that 
BAL, VIS and EP-ST are sufficiently centrally demanding to provide a 
neuromodulatory stimulus in older adults after just one session, and may be good 
candidates for longer-term interventions to counteract age-related maladaptive 
neuroplasticity. 
4.4.1 Training-related changes in corticospinal excitability and short-interval 
intracortical inhibition 
This study showed peak reductions in SICI of 32-52% up to one hour following a single 
session of BAL, VIS and EP-ST, but there were no significant differences between the 
training groups. There were also no significant changes in MEP amplitude despite large 
mean increases in the BAL and VIS groups. There is a paucity of prior research 
investigating changes in TMS measures following acute training sessions, particularly 
in older adults. However, a recent study in young adults compared the effects of EP-ST, 
VIS and self-paced strength training on MEP amplitude and SICI, and reported 
significant 33-34% reductions in SICI and significant 42-43% increases in MEP 
amplitude following VIS and EP-ST (Leung et al. 2015). SICI and MEP amplitude 
remained unchanged in the CTRL groups for both studies, but an interesting point to 
note is that the self-paced strength training group, which had an identical training dose 
to EP-ST but performed the movement at their own pace rather than in-time with a 
metronome, did not experience any changes in neurological function in the study by 
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Leung and colleagues. This provides further evidence that there is an added complexity 
involved with externally pacing movements that makes them more centrally demanding, 
thus a promising candidate for inducing neuroplasticity. The peak magnitudes of change 
in SICI and MEP amplitude observed in the present study were different to that of 
Leung et al. (2015), for which there are several possible explanations. The most obvious 
factors are that Leung et al. (2015) investigated responses in young adults, whilst the 
present study only included older adults, and there were vastly different training doses 
between the studies. The older adults in this study were exposed to approximately 24 
minutes of work time within a 45 minute session for all training groups, whereas the 
young adults completed less than four minutes of work time in that of Leung et al. 
(2015). Direct comparisons should also be made with caution due to the differences in 
protocols used to assess SICI. Leung et al. (2015) set a test-stimulus intensity at a level 
required to produce a MEP of 1 mV, whereas the present study set a test-stimulus 
intensity at a level required to produce a MEP that was 20% of MMAX. This enabled 
accurate comparisons across multiple groups and multiple time points by controlling for 
changes or differences at the peripheral level.  
There is strong evidence that suggests that MEP amplitude is increased following acute 
complex motor tasks, such as thumb abduction training in older adults (Rogasch et al. 
2009), strength training of forearm muscles (Nuzzo et al. 2015) and VIS training in 
young adults (Perez et al. 2004, Cirillo et al. 2011, Leung et al. 2015) and older adults 
(Cirillo et al. 2011). Therefore, it seems surprising that there were no significant 
changes reported for MEP amplitude in the present study, despite very large increases in 
mean percentage changes. Of primary importance to this study is the considerable inter-
individual variability for changes in MEP amplitude, which most likely reduced the 
sensitivity of detecting significant within and between group differences for the change 
over time. For example, MEP amplitudes at 120% of AMT increased, on average, by as 
much as 49% post-training in the VIS group (peaking at 30 minutes post-training), but 
there was a large SE (± 15.9), indicating a high degree of inter-individual variability. In 
comparison to that of Leung et al. (2015), corticospinal excitability increased in the VIS 
group by 42%, but the SE was only ± 5.7. This suggests an increase in variability of 
responses with age, and highlights a growing need for further investigation into the 
underlying factors contributing to this large inter-individual variability, especially in 
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older adults. It is also important to note most other studies have used an upper limb 
model (predominantly intrinsic hand and forearm muscles) to investigate changes in 
corticospinal excitability following complex motor tasks, whereas the present study 
measured MEPs from the TA muscle; a lower-limb postural muscle with more of an 
‘anti-gravity’ role. Therefore, it is possible that the highly skilled activities performed 
by distal upper limb muscles provides greater sensitivity to task-related changes in 
excitability due to a high degree of movement fractionation. For example, a lesion to the 
lateral corticospinal tract (CST) in monkeys was shown to result in an inability to 
fractionate finger movement to manipulate small objects, whilst walking, running and 
climbing activities were relatively unaffected (Lawrence & Kuypers 1968). Also, the 
reduction in SICI and lack of change in MEP amplitude does not give a comprehensive 
explanation of the changes in excitability contributing to our results, and it is highly 
likely that other subcortical mechanisms (spinal and peripheral) contributed to the 
maintenance of corticospinal output.  
4.4.2 Time-course of neurological adaptations 
A key finding from this study was that all three training groups experienced significant 
reductions in SICI at all post-training time points compared to baseline and compared to 
the CTRL group, and that these training-related reductions in SICI actually became 
progressively greater over time (from 17-24% at five minutes post-training to 32-52% at 
60 minutes post-training relative to baseline). This demonstrates an important time-
course effect of acute BAL, VIS or EP-ST training on use-dependent neuroplasticity, 
with the reductions in primary motor cortex (M1) inhibition outlasting the 45 minute 
duration of the respective training stimuli. This provides some support to previous 
findings that the induction of neuroplasticity may well be delayed or diminished in older 
adults (Rogasch et al. 2009, Bashir et al. 2014, Fujiyama et al. 2014, Kishore et al. 
2014), albeit speculative in this instant given the lack of data in young adults to allow 
appropriate comparisons.  For example, Fujiyama et al. (2014) investigated the extent 
and time-course of neural changes to the flexor carpi radialis muscle induced by anodal 
transcranial direct current stimulation (tDCS) in young and older adults, and found that 
corticospinal excitability peaked immediately post-tDCS in young adults, whilst the 
largest increase in corticospinal excitability was observed at the final time point of 30 
minutes post-tDCS in older adults. Importantly, the peak magnitude of change 
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following tDCS was similar between groups, which suggests that plasticity-like changes 
are attainable in older adults, despite the response onset being delayed. This could be 
due to microstructural and metabolic changes in the ageing brain, but recent evidence 
has shown that exogenous dopamine supplementation improved the responsiveness of 
M1 to experimentally induced plasticity in older adults (with a target muscle 
representation of the abductor pollicis brevis). This suggests an age-related decline in 
dopaminergic transmission as a contributor to impaired neuroplasticity (Kishore et al. 
2014), but other age-related changes in neurotransmitters may also be implicated. In 
contrast to these findings, Cirillo et al. (2011) showed comparable reductions in SICI 
between young and older adults immediately after acute VIS training of the first dorsal 
interosseous muscle. While this sounds promising, the first dorsal interosseous muscle 
is an intrinsic muscle, thus is likely to have a very different excitability profile 
compared to larger functional muscles; and finally, the study by Cirillo and colleagues 
failed to assess time-course measures and it appears that time-course alterations may be 
fundamentally important in understanding the different mechanisms and behaviours 
affecting the intracortical inhibitory pathways between young and older adults. 
Therefore, further research is needed even beyond 60 minutes follow up post-training to 
gain insight into the time-course of these changes, particularly to determine when these 
measures return to baseline. 
4.4.3 Changes in maximal compound wave 
Whilst it was not the primary purpose of this study to investigate peripheral 
neuromuscular changes specifically, there were changes detected in MMAX following a 
single session of BAL and EP-ST training that should be acknowledged. MMAX was 
primarily measured at each testing time point to allow experimental control over 
changes at the peripheral level and ensure more accurate analysis and interpretation of 
TMS evoked potentials (Zehr 2002). It is known that there are many factors which 
could potentially alter neuromuscular propagation as measured by MMAX independently 
of experimental conditions. For example, MMAX amplitude has been shown to vary 
throughout a single experiment and at different limb positions (Simonsen et al. 1995, 
Simonsen & Dyhre-Poulsen 1999), most likely due to changes in the mechanical 
orientation of underlying muscle fibres (Gerilovsky et al. 1989). Other factors include 
fatigue (Fuglevand et al. 1993), changes in muscle metabolism (Cupido et al. 1996, 
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Arnaud et al. 1997), alterations in muscle temperature (Denys 1990, Dewhurst et al. 
2005), and changes in neuromuscular junction mechanics (Nielsen & Clausen 2000). 
Given that the EP-ST group experienced an increase in MMAX amplitude following a 
single training session, it is possible that the heavy loads associated with this type of 
training induced a post-activation potentiation effect probably due to an increase in the 
recruitment of higher order motor units (Güllich & Schmidtbleicher 1996, Chiu et al. 
2003, Hodgson et al. 2005). In contrast to this, the BAL group experienced a reduction 
in MMAX amplitude following the single bout of training, which might indicate the 
presence of fatigue following persistent activity through the TA to maintain postural 
stability during the preceding 45 minute training session. 
4.4.4 Limitations 
Whilst all efforts were taken to minimise limitations, there are several that should be 
addressed. Firstly, the participants in this study were unable to be randomly allocated to 
training groups due to logistical reasons and the need to match groups for age and 
gender, and neither the researcher nor participants were blinded to the interventions. 
The same person conducted all testing and training, and whilst this has benefits for 
reliability, the possibility for bias should be acknowledged. Secondly, the unexpected 
large degree of variability in the present study may indicate that a larger sample size is 
required to provide sufficient power for some outcome measures, and also to determine 
between group differences. Thirdly, interpretation of the data is quite restricted as the 
influence of fatigue cannot be ruled out, and conclusions must be made loosely due to 
the lack of availability of control measures (both data for the same tasks in young adults, 
and tasks that were physically comparable but not as challenging on the CNS in older 
adults). Finally, although participants were screened for physical activity and training in 
the 12 months prior to participation in the study, it is likely that their physical activity 
history in their earlier lives may influence their neuroplastic responses to training 
(McGregor et al. 2011). 
4.4.5 Conclusion 
The present study aimed to use TMS to investigate the nature and time-course of 
neurological responses of older adults to acute sensorimotor activities such as EP-ST, 
BAL and VIS training. It was determined that a single session of each of these modes of 
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training resulted in significant reductions in SICI that were sustained for up to one hour 
following cessation of training, but importantly, all three types of training produced 
comparable results. This provides promising evidence for the capacity of these 
interventions to counteract and/or prevent impending age-related declines in 
neurophysiological integrity. Furthermore, it has important clinical implications as it 
suggests that each of these protocols are sufficiently centrally demanding to induce 
similar neurological changes in older adults, but given the vast differences in the modes 
of training, it is likely that they would result in quite different functional outcomes. 
Therefore, programs could be highly personalised to target the necessary deficits in 













A time-course analysis of neurophysiological and functional 
adaptations and retention following 12 weeks of targeted training 
protocols in older adults 
5.1 Introduction 
Older individuals who have been active in their earlier years or who have begun being 
more physically active later in life demonstrate greater functional independence 
compared to their inactive counterparts (Britton et al. 2008, Manini & Pahor 2009, Sun 
et al. 2010, Dogra & Stathokostas 2012). This offers a compelling argument for the 
importance of being active throughout, or at least later in life. Furthermore, the 
multidimensional benefits of physical activity and standardised exercise regimes is a 
very prevalent theme within successful ageing literature (Rowe & Kahn 1997, Brach et 
al. 2003, Daly 2010, Kattenstroth et al. 2013, Bamidis et al. 2014, Buford et al. 2014, 
Giné-Garriga et al. 2014). However, ‘normal ageing’ is more commonly linked to 
inactivity or task avoidance and subsequent reductions in functional ability attributable 
to losses in muscle strength, power and rate of force development, and impaired 
proprioceptive acuity (Barry & Carson 2004, Aagaard et al. 2010). This results in age-
related motor deficits such as difficulties with coordination, balance, and gait, as well as 
increased movement variability (Seidler et al. 2002, Langhammer & Lindmark 2007, 
Lustosa et al. 2011). Therefore, it is clear that these factors are paramount to 
intervention design, with the ideal outcome involving improvements in functional 
ability and preserved functional independence for older adults. For example, muscular 
strength and power production can be improved through strength training (Fiatarone et 
al. 1994, Fielding et al. 2002, de Vos et al. 2005, Caserotti et al. 2008b); gait 
performance and balance/postural control can be improved via balance training 
(Province et al. 1995, Sherrington et al. 2008); and movement variability can be 
reduced by improving neuromuscular control and proprioceptive acuity via visuomotor 
training (Darling & Cooke 1987, Gottlieb et al. 1988, Corcos et al. 1993, Floyer-Lea & 
Matthews 2005). 
In addition to physical benefits of targeted exercise, there are also neurological 
implications, which includes adaptive use-dependent neuroplasticity. It is accepted that 
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neuroplasticity is promoted by task complexity, and that novel experience, altered 
afferent input from environmental changes and learning new skills are modulators of 
brain structure and function (Carey et al. 2005, Cramer et al. 2011, May 2011, 
Paraskevopoulos & Herholz 2013). Thus if traditional interventions for improving 
physical function in older adults were multi-sensory and highly targeted, it is possible 
that neurophysiological adaptations may be exploited and physical performance further 
enhanced in older adults. A single 45 minute session of externally-paced strength 
training (EP-ST), challenging balance training (BAL) and visuomotor training (VIS) all 
resulted in significant reductions in short-interval intracortical inhibition (SICI) and a 
trend for increased corticospinal excitability immediately post and for up to 60 minutes 
post-training in older adults (see Chapter 4), with no changes in the control (CTRL) 
group. This finding provides a strong rationale for the ability of these interventions to 
counteract and/or prevent impending age-related declines in neurophysiological 
integrity, whilst simultaneously targeting functional deficits in older adults. 
5.1.1 Study aims and hypotheses 
The aims of Study 3 were to:  
1. Examine the long-term within-group time-course of use-dependent 
neuroplasticity as measured by TMS and lower-limb task performance in 
older adults throughout a 12 week BAL, VIS or EP-ST intervention; 
2. Determine whether neurological adaptations and improvements in lower-
limb task performance were sustained after four weeks of ceasing the 
intervention; 
3. Determine if there were any between-group differences in overall lower-
limb task performance in older adults following BAL, VIS and EP-ST 
training.  
It was hypothesised that:  
1. Older adults would experience use-dependent neuroplasticity (independent 
of training type) throughout the 12 week training period; 
2. Neurological adaptations and changes to lower-limb task performance 
would decay after four weeks of no training; 
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3. Changes in the performance of lower-limb physical tasks would be specific 
to the training group (i.e. BAL would improve balance performance, VIS 
would improve visuomotor tracking performance and EP-ST would improve 
single repetition maximum; RM strength), but there would be no between-
group differences for general functional measures (six minute walk and stair 
climb test). 
5.2 Methods 
The methods for all testing sessions in Study 3 were identical to those described in the 
relevant sections of Study 1 (see section 3.2.2; page 54). The training protocols that 
were implemented in Study 2 for EP-ST, BAL and VIS (see section 4.2.2; page 89) 
were continued in Study 3. However, in the EP-ST group, training loads were increased 
once participants were able to perform four sets of 12 repetitions at their current load. 
5.2.1 Study design and participants 
This study included 36 healthy older adults, with a mean age of 69.5 ± 5.2 years. All 
participants involved in this study were recruited as part of Study 1 and/or Study 2, 
however some participants from preceding studies chose to withdraw their involvement 
from Study 3 due to personal time constraints. All screening (including 
inclusion/exclusion criteria) and familiarisation protocols were identical to those used in 
Study 1 and 2 (see section 3.2.1; page 52). Informed consent to the procedures of the 
study was obtained from all participants, including those who participated in Study 1 
and/or 2, prior to participation, and all procedures were approved by the Deakin 
University Human Research Ethics Committee (Approval number 2012-103), in 
accordance with the Declaration of Helsinki. A schematic representation of the 
participation requirements for this study can be seen in Figure 5.1; page 111. 
Following the familiarisation session, participants were systematically (based upon age 
and gender) allocated to one of four experimental groups: 
1. CTRL; n = 8 (4 males) 
2. BAL; n = 10 (6 males) 
3. VIS; n = 9 (5 males) 
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4. EP-ST; n = 9 (5 males) 
One week after familiarisation, baseline testing occurred and following the collection of 
pre-intervention data, participants were required to attend the University via car or 
public transport (directly to campus) to perform their designated training three times per 
week for 12 weeks (36 sessions in total). All training was conducted/supervised by the 
principal investigator, and run as group training sessions. Due to logistical limitations 
and time requirements of this large study, data for the BAL and VIS groups were 
collected from February until June 2013 and data for the EP-ST and CTRL groups were 
collected from February until June 2014.This ensured equivalence of seasonal factors 
for training and data collection between groups. Time-course testing occurred 12-24 
hours after the 12th (four weeks), 24th (eight weeks) and 36th (12 weeks) training 
sessions. In addition to this, a follow up testing session was conducted exactly four 
weeks after their 12 week test (i.e. at 16 weeks) to assess any potential residual 
adaptations. Each testing session occurred at the same time of day across the duration of 
the study to reduce the possible influence of cortisol fluctuations on results (Sale et al. 
2007). Participants in the CTRL group underwent testing sessions at equivalent time 
points, but were instructed to continue their standard activities as per usual.  
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Figure 5.1 Schematic representation of participation requirements for Study 3. TMS = 
transcranial magnetic stimulation; MMAX = maximal compound wave; 1RM = single 




5.2.2 Data analyses 
Data analyses for Study 3 were identical to Study 1 (see section 3.2.3; page 63).  
5.2.3 Sample size calculations and statistical analyses 
Similar to Study 2, it was difficult to provide an estimation of the expected magnitude 
of change for neurological variables in Study 3 due to a lack of similar previous 
research in older adults. For example, no study has compared between-group 
differences in older adults following these specific interventions, and the time-course 
effects following repeated exposure to targeted exercise has not been explored in older 
adults. Therefore, we estimated sample size as best as possible based upon effect sizes 
observed for motor evoked potential (MEP) amplitude and SICI in other training studies, 
either performed in young adults, with different interventions or over a different period 
of time (Carroll et al. 2002, Jensen et al. 2005, Beck et al. 2007, Griffin & Cafarelli 
2007, Taube et al. 2007, Goodwill et al. 2012, Weier & Kidgell 2012b, Weier et al. 
2012). This allowed a priori sample size calculations for a repeated measures within-
between group interaction analysis of covariance (ANCOVA) using G*Power version 
3.1.9.2 (Kiel, Germany). The number of groups was adjusted from four (EP-ST; BAL; 
VIS; CTRL) to five (four experimental groups plus one covariate of baseline data); and 
it was estimated that a total of 10 participants per group would provide an actual power 
of 0.89 to detect a moderate effect size of 0.4 between the training groups and controls 
for changes in MEP amplitude and SICI, assuming a type I error probability of 0.05 and 
based on five repeated observations (baseline, four weeks; eight weeks; 12 weeks and 
16 weeks) and a non-sphericity epsilon (ε) correction of 1. 
Missing data that arose from diagnosis of medical conditions that were unrelated to 
participation in the study, but resulted in the withdrawal of two participants was handled 
by means of sequential regression multiple imputation algorithm (Zhu & Raghunathan 
2015). Tests for normality were identical to those described in Study 1 (section 3.2.4; 
page 64). If data at all time points were found to be normally distributed, a repeated-
measures (four groups × four time points) ANCOVA, with baseline values indicated as 
the covariate, was used to determine any significant differences between and within 
conditions for each dependent variable except for balance in the eyes open condition as 
a result of the 12 week intervention. To determine if adaptations were retained 
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following a four week wash out period, the same procedures were followed, except the 
repeated-measures ANCOVA consisted of four conditions × five time points (including 
16 week retention data). Balance for the eyes open condition was unable to be assessed 
using the aforementioned ANCOVA model due to the test being stopped at 120 s if 
participants were successfully able to complete the task. Therefore, simple descriptive 
analyses were performed. For all parametric test output, Mauchly’s test statistic was 
used to determine the sphericity of the data. If the condition of sphericity was not met (P 
≤ 0.05), the degrees of freedom were adjusted based upon the extent of the violation. If 
the Greenhouse-Geisser estimate of sphericity (ε) was > 0.75, the Huynh-Feldt 
correction was used, but if ε was ≤ 0.75, the Greenhouse-Geisser correction was used. If 
data at one or more time points for a given variable violated normality, parametric tests 
were used; however the results were verified with non-parametric equivalent tests 
(Friedman and Wilcoxon Signed Rank tests) to ensure the non-normal data did not 
affect results. There were no variables that violated normality at all time points. Effect 
size conventions were identical to those described in Study 1 (see section 3.2.4; page 64) 
and post hoc analyses were identical to those described in Study 2 (see section 4.2.4; 
page 92).  
5.3 Results 
5.3.1 Descriptive characteristics 
A total of 36 participants took part in the study (BAL, n = 10; VIS, n = 9; EP-ST, n = 9; 
CTRL, n = 8). Characteristics of the participants are summarised in Table 5.1 (page 
114). There were no differences in age (P = 0.273), height (P = 0.498) or body mass (P 




Table 5.1 Participant characteristics for those in the control (CTRL), balance (BAL), 
visuomotor (VIS) and externally-paced strength training (EP-ST) group. 
Variable CTRL BAL VIS EP-ST 
Age (years) 68.6 ± 4.2 67.6 ± 5.8 72.3 ± 5.4 69.6 ± 5.5 
Height (cm) 169.9 ± 9.1 167.2 ± 7.6 173.2 ± 10.5 172.3 ± 9.9 
Mass (kg) 81.5 ± 5.3 70.5 ± 13.3 72.0 ± 10.1 81.7 ± 21.9 
Values represent mean ± SD. 
5.3.2 Training data 
All participants in the VIS group completed all sets of their designated training. The 
BAL group completed their training with various alterations in challenges throughout 
the duration of their program (Appendix G; page 204). All participants showed 
improvements as their training progressed with less crosses recorded in their training 
diaries, indicating gradual improvements with successful completion of training tasks. 
The EP-ST group also completed all required training sessions (Appendix H; page 224), 
and their training loads for all exercises were increased progressively to reflect their 
strength improvements. However, this often did not occur as soon as they achieved four 
full sets of 12 repetitions at their current training weight, as some participants expressed 
concerning physical discomfort and reluctance to increase training loads in some tasks. 
Therefore, to prevent physical injuries or the exacerbation of musculoskeletal 
complaints in the older adults in this training group, loads were progressively increased 
with caution and participants were instructed to focus on technique and timing of their 
movement execution.  
5.3.3 Maximal compound wave 
Mean ± SD maximal compound wave (MMAX) results are shown in Table 5.2 (page 115) 
and the percentage change scores are presented in Figure 5.2 (page 116). There was a 
main effect for time observed for MMAX throughout the training period and after four 
weeks of retention (F3,93 = 6.47; P = 0.001 and F4,124 = 6.88; P < 0.001), but no main 
effect for group (F3,31 = 1.15; P = 0.344 and F3,31 = 1.03; P = 0.394) or group-by-time 
interaction (F9,93 = 1.11; P = 0.361 and F12,124 = 1.15; P = 0.328).
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Table 5.2 Raw data (mean ± SD) and P-values for maximal compound wave (MMAX; mV), resting motor threshold (RMT) as a percentage of 
maximal stimulator output (%MSO) and active motor threshold (AMT; %MSO) in the control (CTRL), balance (BAL), visuomotor (VIS) and 
externally-paced strength training (EP-ST) group at baseline, four, eight, 12 and 16 weeks. 
Variable Group 
Time (weeks) P-value (intervention / retention) 
0 4 8 12 16 Time Group (Group × Time) 
MMAX (mV) 
CTRL 12.4 ± 2.8 12.1 ± 2.5 12.5 ± 2.0 12.4 ± 2.1 12.2 ± 1.8 
0.001 /  
0.000 
0.344 / 0.394 
0.361 /  
0.328 
BAL 12.8 ± 1.7 12.2 ± 1.6 12.2 ± 1.5 12.1 ± 1.6 12.0 ± 1.6 
VIS 11.0 ± 1.9 10.5 ± 1.7 10.6 ± 2.3 10.3 ± 1.6 10.8 ± 1.9 
EP-ST 12.1 ± 2.5 11.9 ± 2.2 11.3 ± 2.3 10.8 ± 1.7 12.4 ± 1.3 
RMT 
(%MSO) 





0.456 /  
0.606 
BAL 61.7 ± 12.9 61.3 ± 12.9 60.7 ± 12.7 61.2 ± 13.5 60.9 ± 13.6 
VIS 65.6 ± 9.7 65.1 ± 11.0 65.4 ± 11.7 64.3 ± 11.3 64.8 ± 11.6 
EP-ST 60.7 ± 7.7 61.8 ± 7.2 62.0 ± 8.2 62.2 ± 6.7 61.9 ± 9.4 
AMT 
(%MSO) 





0.504 /  
0.448 
BAL 46.9 ± 9.4 46.4 ± 9.5 45.9 ± 10.0 45.9 ± 10.0 45.9 ± 10.0 
VIS 48.7 ± 5.8 47.9 ± 5.7 48.1 ± 5.8 48.1 ± 5.8 48.1 ± 5.8 
EP-ST 47.7 ± 8.1 47.7 ± 8.1 47.7 ± 8.1 47.9 ± 8.1 48.1 ± 8.0 
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Figure 5.2 Normalised mean ± SE percentage changes relative to baseline in MMAX at 
four weeks, eight weeks, 12 weeks and 16 weeks for the control (CTRL), balance 
(BAL), visuomotor (VIS) and externally-paced strength training (EP-ST) group. 
5.3.4 Corticospinal excitability 
There were no differences in pre-stimulus root mean square (rms)-sEMG between 
groups at any TMS testing intensity, and there were no changes throughout the training 
period or after the retention period for any group, thus no group-by-time interactions 
were present (all P > 0.05). RMT (%MSO) and AMT (%MSO) also remained 
unchanged in response to the training interventions (Table 5.2; page 115), with no main 
effect for time (F2.3,69.8 = 0.40; P = 0.699 and F1.5,46.7 = 1.20; P = 0.298 respectively), 
group (F3,31 = 1.06; P = 0.382 and F3,31 = 0.47; P = 0.704) or group-by-time interactions 
(F6.8,69.8 = 0.97; P = 0.456 and F4.5,46.7 = 0.86; P = 0.504) for RMT (%MSO) and AMT 
(%MSO) respectively. The results also remained unchanged after the retention period, 
with no main effect for time (F4,124 = 1.31; P = 0.270 and F1.7,53.2 = 1.08; P = 0.339), 
group (F3,31 = 1.28; P = 0.298 and F3,31 = 0.60; P = 0.619) or group-by-time interaction 





Figure 5.3 Mean (± SE) motor evoked potential (MEP) amplitude (%MMAX) 
recruitment curves (RCs) for the tibialis anterior muscle at all five time points for (a) 
control (CTRL) group; (b) balance (BAL) group; (c) visuomotor (VIS) group; and (d) 
externally-paced strength training (EP-ST) group. In all RCs, active motor threshold 
(AMT) is represented as 100% AMT, with data collected at stimulus intensities 80% 
AMT (surface electromyographic amplitude), increasing in increments of 20% AMT 
until the MEP amplitude (%MMAX) reached a plateau. There were no changes in the top, 
bottom or V50 of the RC (all P > 0.05), but changes in the slope for the VIS and EP-ST 
groups (see Figure 5.4; page 119). 
 
Figure 5.3 (a-d; page 117) shows recruitment curves (RCs) for each group at all five 
testing time points, and Table 5.3 (page 120) shows raw data as a mean ± SD for all RC 
variables and area under the RC. The bottom and V50 RC variables remained unchanged 
for both the intervention and retention period, with no main effect for time, group or 
group-by-time interactions (all P > 0.05).  
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The top of the RC had a significant main effect for group (F3,29 = 4.38; P = 0.012 and 
F3,29 = 3.22; P = 0.037), but no main effect for time (F2.2,64.3 = 2.55; P = 0.08 and F2.6,75.7 
= 2.31; P = 0.091) for the intervention and retention periods respectively. There were 
also no group-by-time interactions detected in the intervention and retention periods 
(F6.7,64.3 = 1.1; P = 0.368 and F7.8,75.7 = 1.32; P = 0.250) despite mean changes of up to 
41% in the top of the RC compared to baseline in the EP-ST group. However, there was 
a large degree of inter-individual variability present in the responses of participants 
from all training groups. 
 
For area under the RC, there was a significant main effect for group (F3,29 = 3.59; P = 
0.025 and F3,29 = 3.65; P = 0.024), but no main effect for time (F1.9,56.4 = 1.75; P = 0.184 
and F1.9,55.5 = 1.48; P= 0.236) or group-by-time interaction (F5.8,56.4 = 1.69; P = 0.143 
F5.7,55.5 = 1.46; P = 0.210) during the intervention and retention periods respectively.  
 
There was no main effect for time (F3,72 = 1.92; P = 0.134 and F4,96 = 1.42; P = 0.233) 
for slope of the RC, but there was a main effect for group (F3,24 = 6.40; P = 0.002 and 
F3,24 = 6.12; P = 0.003) and a significant group-by-time interaction observed (F9,72 = 
3.47; P = 0.001 and F12,96 = 2.42; P = 0.009) for the intervention and retention periods 
respectively (Figure 5.4; page 119). This interaction is most likely due to large changes 
in slope throughout the intervention period for the EP-ST and VIS groups, which was 
not experienced by BAL or CTRL. Within-group analyses revealed that the VIS and 
EP-ST groups experienced a 35% and 78% increase in RC slope respectively from 
baseline after four weeks of training (P = 0.04 and P = 0.048). The increase in slope for 
the EP-ST group was significantly greater than that of CTRL (P = 0.003) and BAL (P = 
0.012). However, by week eight, the slope for both groups returned towards baseline 
(both P > 0.05). After 12 weeks of training, both the VIS and EP-ST groups experienced 
a sharp peak in slope steepness with a 65% and 141% increase in slope compared to 
baseline (P = 0.019 and P = 0.046 respectively), potentially indicating a shift in 
mechanisms driving performance improvements later in the training phase. The increase 
experienced by EP-ST was significantly greater than any change in any other group (all 
P < 0.02). After four weeks of no training (i.e. at week 16), the slope of the VIS group 
had reduced, and despite being 28% greater than baseline, was not significant (P = 
0.230). In contrast, the RC slope for EP-ST group was still 78% higher than baseline (P 
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= 0.028) and greater than CTRL (P = 0.014). The BAL and CTRL groups did not 
experience any significant changes in RC slope at any time point (all P > 0.05).  
Figure 5.4 Normalised mean (± SE) percentage changes relative to baseline in 
recruitment curve slope at four weeks, eight weeks, 12 weeks and 16 weeks for the 
control (CTRL), balance (BAL), visuomotor (VIS) and externally-paced strength 





Table 5.3 Raw data (mean ± SD) and P-values for recruitment curve variables and area under the curve in the control (CTRL), balance (BAL), 
visuomotor (VIS) and externally-paced strength training (EP-ST) group at baseline, four, eight, 12 and 16 weeks. 
Variable Group 
Time (weeks) P-value (intervention/ retention) 
0 4 8 12 16 Time Group (Group × Time) 
Bottom 
(%MMAX) 





0.090 /  
0.086 
BAL 3.2 ± 1.5 2.6 ± 2.1 2.6 ± 2.6 2.6 ± 2.2 2.1 ± 2.7 
VIS 5.2 ± 2.9 4.9 ± 2.5 4.2 ± 1.6 2.1 ± 5.3 4.3 ± 3.0 
EP-ST 3.8 ± 1.1 0.6 ± 3.1 2.9 ± 2.0 0.7 ± 2.2 2.0 ± 1.5 
Top 
(%MMAX) 
CTRL 37.0 ± 10.9 36.7 ± 9.1 36.8 ± 9.1 36.9 ± 9.5 36.9 ± 8.4 
0.080 /  
0.091 
0.012 /  
0.037 
0.368 /  
0.250 
BAL 36.1 ± 13.7 38.0 ± 11.2 40.0 ± 10.8 41.0 ± 15.8 40.2 ± 14.3 
VIS 39.7 ± 9.3 39.7 ± 13.6 40.6 ± 10.4 45.1 ± 10.6 40.3 ± 7.4 
EP-ST 36.1 ± 13.9 47.7 ± 14.5 43.1 ± 16.0 47.7 ± 14.5 38.4 ± 14.1 
V50 
(%AMT) 
CTRL 126.9 ± 6.4 127.2 ± 6.8 126.0 ± 5.5 125.8 ± 5.3 126.8 ± 6.5 
0.159 /  
0.181 
0.076 /  
0.105 
0.167 /  
0.189 
BAL 135.4 ± 13.4 135.7 ± 8.7 131.8 ± 9.6 136.2 ± 10.8 137.2 ± 13.9 
VIS 137.8 ± 10.8 136.2 ± 8.5 130.4 ± 8.0 134.7 ± 12.1 132.6 ± 13.5 
EP-ST 147.6 ± 10.6 153.6 ± 2.4 158.2 ± 7.4 154.9 ± 27.9 148.0 ± 17.0 
 




Table 5.3 continued… 
Variable Group 
Time (weeks) P-value (intervention/ retention) 
0 4 8 12 16 Time Group (Group × Time) 
Slope 
(AU) 
CTRL 13.8 ± 5.1 12.7 ± 3.6 13.8 ± 4.3 14.8 ± 4.3 14.4 ± 5.2 
0.134 /  
0.233 
0.002 /  
0.003 
0.001 /  
0.009 
BAL 12.5 ± 3.5 14.4 ± 5.2 14.1 ± 8.0 14.5 ± 6.2 16.5 ± 7.5 
VIS 11.4 ± 3.2 16.2 ± 3.5 12.4 ± 2.7 16.0 ± 2.7 14.8 ± 6.2 





CTRL 1937 ± 685 1964 ± 678 1960 ± 649 1963 ± 650 1951 ± 640 
0.184 / 
0.236 




BAL 1818 ± 752 2062 ± 815 2263 ± 736 2137 ± 683 2097 ± 858 
VIS 2268 ± 887 2608 ± 953 2660 ± 113 2678 ± 1163 2556 ± 1017 
EP-ST 2726 ± 984 2543 ± 141 2472 ± 383 1993 ± 1194 1929 ± 1225 
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5.3.5 Short-interval intracortical inhibition 
Table 5.4 (page 124) presents the mean ± SD raw data for the SICI test-stimulus 
intensity (%MSO) and SICI (%). The test-stimulus was set as the %MSO that produced 
a MEP that was 20% MMAX. There was no main effect for time (F3,93 = 2.07; P = 0.110 
and F2.9,90 = 2.40; P = 0.075) or group (F3,31 = 1.39; P = 0.265 and F3,31 = 0.77; P = 
0.519), and no group-by-time interaction (F9,93 = 1.11; P = 0.364 and F8.7,90 = 0.99; P = 
0.450) for the test-stimulus intensity (%MSO) throughout the training period or 
retention period respectively.  
The ratio of SICI changed throughout the 12 week training period and retention period 
(Figure 5.5; page 123), with a significant main effect for time (F3,93 = 5.05; P = 0.003 
and F3.9,120.1 = 4.46; P = 0.002) and group (F3,31 = 9.04; P < 0.001 and F3,31 = 7.21; P = 
0.001), and a significant group-by-time interaction (both P < 0.001) observed. The 
interaction observed was largely due to a training-related reduction in SICI observed for 
the BAL, VIS and EP-ST groups, but not the CTRL group. Within group analyses 
revealed a significant 25% and 29% reduction in SICI for the BAL (P = 0.001) and VIS 
(P = 0.005) groups respectively after four weeks of training, but no change for the EP-
ST (P = 0.099) or CTRL group (P = 0.312) compared to baseline. The reduction in SICI 
for the VIS group was significantly greater than the EP-ST (P = 0.035) and CTRL (P = 
0.006) groups, and BAL also experienced a greater reduction in SICI compared to 
CTRL (P = 0.013). Additionally, there was a trend for a greater reduction in SICI in 
BAL compared to EP-ST (P = 0.076; d = 1.05), and despite a moderate effect size (d = 
0.684), the differences in SICI between EP-ST and CTRL were not significant (P = 
0.417). By eight weeks, all training groups had experienced further significant 
reductions in SICI compared to that of four weeks (all P < 0.05), and compared to 
baseline there was a 25%, 41% and 46% reduction in SICI in the EP-ST (P = 0.001), 
VIS (P = 0.001) and BAL (P < 0.001) groups respectively. The reduction in SICI for all 
training groups was significantly greater than CTRL (all P > 0.05), and the reductions 
experienced by the BAL group was significantly greater than the reduction experienced 
by the EP-ST group (P = 0.05). At 12 weeks, VIS had sustained a 41% reduction in 
SICI compared to baseline (P < 0.001), and EP-ST was continuing to reduce with a 29% 
reduction from baseline values (P = 0.009), and these changes were both significantly 
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greater than CTRL (both P < 0.05). Whilst BAL had experienced an increase in SICI 
since eight week testing (P < 0.001), going from a 46% to 19% reduction from baseline 
values, this was still significant compared to baseline (P = 0.05) and there was a large 
effect size observed that indicated a trend for BAL to have a greater effect on SICI than 
CTRL at 12 weeks (P = 0.081; d = 1.095). By 16 weeks (following four weeks of no 
training), SICI tended to return towards baseline levels for all training groups except for 
VIS, which was still significantly reduced (P = 0.002). EP-ST returned almost entirely 
to baseline values (P = 0.724), and whilst there was still a 13% reduction in SICI for the 
BAL group compared to baseline, this did not reach statistical significance (P = 0.141). 
At this time point, the VIS group was the only group to still be experiencing a 
significantly larger reduction in SICI compared to CTRL (P = 0.02), although there was 
a large effect size (d = 0.848) between BAL and CTRL suggesting a trend for the BAL 
group to still be experiencing greater reductions in SICI despite not reaching 
significance (P = 0.091). SICI for the CTRL group did not change from baseline values 







Figure 5.5 Normalised mean (± SE) percentage changes relative to baseline in short-
interval intracortical inhibition (SICI; %) at four weeks, eight weeks, 12 weeks and 16 
weeks for the control (CTRL), balance (BAL), visuomotor (VIS) and externally-paced 
strength training (EP-ST) group. P ≤ 0.05 * vs baseline; # vs four weeks; † vs eight 
weeks; ‡ vs 12 weeks; a vs CTRL; b vs BAL; c vs VIS. 
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Table 5.4 Raw data (mean ± SD) and P-values for the short-interval intracortical inhibition (SICI) test-stimulus intensity (percentage of maximal 
stimulator output; %MSO) and SICI (%) in the control (CTRL), balance (BAL), visuomotor (VIS) and externally-paced strength training (EP-
ST) group at baseline, four, eight, 12 and 16 weeks. 
Variable Group 
Time (weeks) P-value (intervention/ retention) 
0 4 8 12 16 Time Group (Group × Time) 
SICI test-stimulus 
intensity (%MSO) 







BAL 66.7 ± 15.6 64.3 ± 14.0 63.0 ± 12.7 63.3 ± 11.8 66.0 ± 12.1 
VIS 68.8 ± 14.0 68.9 ± 14.5 65.0 ± 14.7 66.4 ± 15.1 67.0 ± 14.7 
EP-ST 66.7 ± 13.9 67.2 ± 15.2 68.8 ± 15.3 66.2 ± 12.7 66.9 ± 13.8 
SICI (%) 







BAL 31.0 ± 10.0 38.2 ± 11.4  43.9 ± 10.5 35.6 ± 9.9 34.2 ± 10.3 
VIS 37.7 ± 11.3 46.8 ± 10.9 50.0 ± 8.3 51.2 ± 10.5 43.8 ± 11.3 
EP-ST 41.8 ± 7.8 46.0 ± 12.8 52.2 ± 11.0 54.1 ± 14.5 42.7 ± 11.6 
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5.3.6 Lower-limb tasks and tibialis anterior muscle thickness 
The mean ± SD raw data for all lower-limb tasks and tibialis anterior (TA) muscle 
thickness is presented in Table 5.5 (page 128). 
Stair climb task 
All participants in the intervention groups significantly improved their performance in 
the stair climb task (Figure 5.6; page 126) throughout the 12 week intervention period, 
with a significant main effect observed for time (F2.9,88.4 = 5.53; P = 0.002) and group 
(F3,31 = 2.80; P = 0.05), and significant group-by-time interaction (F8.6,88.4 = 2.35; P = 
0.022), which was due to improvements in performance experienced by the training 
groups, but not CTRL. Similarly, main effects for time and group, and a significant 
group-by-time interaction was also detected for the stair climb for the retention period 
(all P ≤ 0.05). Within group analyses revealed a significant 7% and 10% improvement 
for the EP-ST and BAL groups respectively by four weeks (P = 0.018 and P = 0.013), 
but no significant change for VIS or CTRL. Compared to CTRL, the BAL group 
experienced significantly greater improvement (P = 0.013), and there was a trend for 
EP-ST to reduce stair climb time to a larger degree (d = 1.106; P = 0.071) following 
four weeks of training. By eight weeks, all training groups experienced significant 
improvements compared to baseline, and to a larger degree than CTRL (all P < 0.05), 
and the BAL group was the only group to have improved significantly compared to four 
weeks (P = 0.015). By 12 and 16 weeks, all training groups had significantly improved 
their time to perform the stair climb test compared to baseline and compared to CTRL 
(all P < 0.05), but there were no significant differences between the intervention groups 
at any time point (all P > 0.05) with the exception of BAL sustaining greater 




Figure 5.6 Normalised mean (± SE) percentage changes relative to baseline in stair 
climb time at four weeks, eight weeks, 12 weeks and 16 weeks for the control (CTRL), 
balance (BAL), visuomotor (VIS) and externally-paced strength training (EP-ST) group. 
P ≤ 0.05 * vs baseline; # vs four weeks; a vs CTRL; b vs BAL. 
Six minute walk 
Performance in the six minute walk also improved (Figure 5.7; page 127) with a 
significant main effect observed for time (F2.9,90.7 = 7.93; P < 0.001 and F2.7,86.7 = 8.22; P 
< 0.001) and group (F3,31 = 4.79; P = 0.007 and F3,31 = 4.84; P = 0.007), and a 
significant group-by-time interaction (F8.8,90.7 = 2.38; P = 0.019 and F8.4,86.7 = 2.24; P = 
0.03) throughout the 12 week intervention period and retention period respectively. 
These interactions are mostly due to improvements in performance experienced by the 
training groups, but not CTRL. Within-group analyses showed that all training groups 
demonstrated significant improvements in distance compared to baseline at all testing 
time points (all P < 0.05). For the BAL group, distance gradually improved, and the 
distance covered at the final test-point (week 16) was significantly greater than four 
weeks (P = 0.041). The VIS group experienced sharper improvements beyond four 
weeks, and the distance covered at eight weeks (P = 0.023), 12 weeks (P = 0.05) and 16 
weeks (P = 0.049) was significantly greater than four weeks. The distance covered by 
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the EP-ST group at 12 weeks and 16 weeks was also significantly greater than the 
distance covered at four weeks (P = 0.024 and P = 0.014 respectively). The BAL and 
VIS groups increased their walk distance significantly more than the CTRL group at 
both four weeks (P = 0.027 and P = 0.008 respectively) and eight weeks (P = 0.036 and 
P = 0.005 respectively). At these time points, the change in walking distance from 
baseline values for EP-ST was not significantly different to CTRL, however large effect 
sizes were observed at both four weeks (d = 2.320; P = 0.06) and eight weeks (d = 1.287; 
P = 0.07) respectively. By 12 weeks, all training groups had significantly larger 
improvements in distance covered in the six minute walk test compared to CTRL, and 
this was sustained at 16 weeks (all P < 0.05). There were no significant differences 
detected between training groups at any time point (all P > 0.05). 
Figure 5.7 Normalised mean (± SE) percentage changes relative to baseline in six 
minute walk distance at four weeks, eight weeks, 12 weeks and 16 weeks for the control 
(CTRL), balance (BAL), visuomotor (VIS) and externally-paced strength training (EP-
ST) group. P ≤ 0.05 * vs baseline; # vs four weeks; a vs CTRL.
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Table 5.5 Raw data (mean ± SD) and P-values for lower-limb tasks and tibialis anterior (TA) muscle thickness in the control (CTRL), balance 
(BAL), visuomotor (VIS) and externally-paced strength training (EP-ST) group at baseline, four, eight, 12 and 16 weeks. 
Variable Group 
Time (weeks) P-value (intervention/ retention) 
0 4 8 12 16 Time Group (Group × Time) 
Stair climb (s) 





0.022 /  
0.024  
BAL 7.7 ± 1.9 6.9 ± 1.6 6.5 ± 1.6 6.2 ± 1.3 6.3 ± 1.2 
VIS 7.0 ± 1.6 6.5 ± 1.4 6.2 ± 1.3 6.2 ± 1.3 6.3 ± 1.2 
EP-ST 7.6 ± 2.1 6.9 ± 1.6 6.8 ± 1.7 6.2 ± 1.3 6.3 ± 1.2 
Six minute 
walk (m) 





0.019 /  
0.030 
BAL 572.0 ± 67.8 603.3 ± 61.8 611.9 ± 64.7 620.8 ± 67.3 624.2 ± 61.1 
VIS 580.2 ± 105.0 615.4 ± 76.2 630.2 ± 68.4 644.4 ± 86.3 642.2 ± 74.6 
EP-ST 563.8 ± 65.7 591.4 ± 69.3 599.1 ± 69.9 623.7 ± 64.6 627.6 ± 62.2 
Balance - Left 
leg, eyes 
closed (s) 





0.001 /  
0.002 
BAL 6.6 ± 11.8 12.9 ± 17.5 19.0 ± 19.5 32.6 ± 51.5 20.7 ± 21.7 
VIS 6.8 ± 7.3 9.3 ± 13.6 7.5 ± 7.5 7.7 ± 7.5 12.7 ± 15.0 
EP-ST 5.6 ± 2.6 4.5 ± 2.4 6.3 ± 6.3 8.1 ± 4.8 8.9 ± 9.1 




Table 5.5 continued… 
Variable Group 
Time (weeks) P-value (intervention/ retention) 
0 4 8 12 16 Time Group (Group × Time) 
Balance – Right 
leg, eyes closed 
(s) 





0.021 /  
0.015 
BAL 10.3 ± 13.5 18.3 ± 20.6 29.1 ± 44.1 43.3 ± 71.3 28.2 ± 38.3 
VIS 5.8 ± 4.4 6.1 ± 6.9 7.8 ± 11.1 10.1 ± 13.5 7.7 ± 7.0 
EP-ST 4.5 ± 3.5 5.5 ± 4.8 5.0 ± 5.2 9.7 ± 8.5 7.5 ± 5.8 
Leg press 1RM 
(kg) 





0.000 /  
0.000 
BAL 153.5 ± 45.3 152.8 ± 44.6 154.4 ± 47.0 154.4 46.0 153.5 ± 46.5 
VIS 145.3 ± 48.5 148.1 ± 46.2 147.3 ± 46.4 148.1 ± 45.3 148.8 ± 46.7 
EP-ST 167.7 ± 37.9 201.6 ± 30.0 223.2 ± 31.2 218.6 ± 40.5 211.9 ± 41.8 
Ankle ROM 
(degrees) 





0.189 /  
0.267 
BAL 59.3 ± 5.1 63.5 ± 5.4 62.4 ± 7.2 64.5 ± 5.3 61.8 ± 7.0 
VIS 55.2 ± 6.1 59.8 ± 5.4 57.2 ± 4.7 57.9 ± 5.0 57.9 ± 4.5 
EP-ST 58.7 ± 6.8 59.7 ± 4.8 60.0 ± 7.0 60.1 ± 5.0 61.0 ± 5.9 
 






Table 5.5 continued…  
Variable Group 
Time (weeks) P-value (intervention/ retention) 
0 4 8 12 16 Time Group (Group × Time) 
Left TA 
thickness (mm) 





0.582 /  
0.740 
BAL 28.1 ± 3.8 28.2 ± 3.8 28.2 ± 3.7 28.2 ± 3.7 28.2 ± 3.8 
VIS 30.0 ± 2.2 30.0 ± 2.3 30.0 ± 2.2 30.1 ± 2.2 30.1 ± 2.2 
EP-ST 29.1 ± 4.4 29.1 ± 4.4 29.9 ± 4.4 29.7 ± 2.4 29.3 ± 2.5 
Right TA 
thickness (mm) 





0.455 /  
0.597 
BAL 28.3 ± 5.1 28.3 ± 5.0 28.3 ± 5.0 28.4 ± 5.0 28.4 ± 5.1 
VIS 29.2 ± 2.3 29.3 ± 2.3 29.3 ± 2.4 29.3 ± 2.4 29.3 ± 2.3 









0.145 /  
0.131 
BAL 1.08 ± 0.3 1.20 ± 0.4 1.15 ± 0.4 1.13 ± 0.4 1.13 ± 0.5 
VIS 0.98 ± 0.3 1.03 ± 0.3 1.11 ± 0.3 1.17 ± 0.3 1.13 ± 0.3 
EP-ST 1.01 ± 0.2 1.05 ± 0.3 1.05 ± 0.3 0.94 ± 0.3 0.89 ± 0.3 
 






Table 5.5 continued… 
Variable Group 
Time (weeks) P-value (intervention/ retention) 









0.067 /  
0.083 
BAL 0.43 ± 0.1 0.49 ± 1.1 0.50 ± 0.1 0.58 ± 0.2 0.56 ± 0.1 
VIS 0.38 ± 0.1 0.47 ± 0.1 0.54 ± 0.1  0.52 ± 0.1 0.51 ± 0.1 









0.259 /  
0.294 
BAL 0.47 ± 0.1 0.53 ± 0.1 0.51 ± 0.1 0.56 ± 0.2 0.57 ± 0.2 
VIS 0.45 ± 0.1 0.48 ± 0.1 0.53 ± 0.1 0.54 ± 0.1 0.52 ± 0.1 









0.562 /  
0.625 
BAL 0.48 ± 0.1 0.55 ± 0.1 0.54 ± 0.2 0.56 ± 0.1 0.56 ± 0.2 
VIS 0.46 ± 0.1 0.50 ± 0.1 0.53 ± 0.1 0.55 ± 0.1 0.52 ± 0.1 




Range of movement (ROM) 
For ROM, there was a significant main effect for time (F3,93 = 5.55; P = 0.002), but no 
main effect for group (F3,31 = 2.72; P = 0.061) or group-by-time interaction (F9,93 = 1.43; 
P = 0.189) for the 12 week intervention period. Furthermore, the results indicated a 
significant time effect (F2.9,91.4 = 3.80; P = 0.013), but no group effect (F3,31 = 2.12; P = 
0.118) or group-by-time interaction (F8.8,91.4 = 1.27; P = 0.267) for ROM for the 
retention period.  
Dynamic leg strength (1RM leg press) 
There was a significant time effect (F1.4,42.1 = 4.46; P = 0.03 and F1.3,40.7 = 3.54; P = 
0.05), group effect (both P < 0.001) and group-by-time interaction (both P < 0.001) for 
1RM leg press strength for the intervention and retention periods respectively. This 
interaction was due to large increases of up to 36% in 1RM leg press strength in the EP-
ST group that was not observed in any other group (Figure 5.8; page 133). For the EP-
ST group, all time points resulted in significantly higher 1RM leg press load compared 
to baseline (all P < 0.05), and the improvement between four weeks and eight weeks 
was also significant (P < 0.001). However, there were no further increases in strength 
beyond eight weeks (both P > 0.05). The EP-ST group had significantly greater 
increases in 1RM leg strength compared to all other groups at all time points from four 
weeks to 16 weeks (all P ≤ 0.001). 
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Figure 5.8 Normalised mean (± SE) percentage changes relative to baseline in maximal 
voluntary dynamic 1RM leg strength at four weeks, eight weeks, 12 weeks and 16 
weeks. P ≤ 0.05 * vs baseline; # vs four weeks; a vs CTRL; b vs BAL; c vs VIS. 
Muscle thickness and dorsiflexion torque 
There was a main effect for time for both the left and right legs in the intervention and 
retention periods (all P < 0.05), but there were no main effects for group (Left leg 
intervention: F3,31 = 1.18; P = 0.333; Left leg retention: F3,31 = 0.41; P = 0.746; Right 
leg intervention: F3,31 = 2.72; P = 0.061; Right leg retention: F3,31 = 1.82; P = 0.164) or 
group-by-time interactions (Left leg intervention: F3.2,33.1 = 0.68; P = 0.582; Left leg 
retention: F3.1,32.2 = 0.43; P = 0.740; Right leg intervention: F3.1,32.5 = 0.90; P = 0.455; 
Right leg retention: F4.5,46.1 = 0.72; P = 0.597). 
Maximum voluntary isometric dorsiflexion contraction (MVIC) torque remained 
unchanged for the duration of the study, with no main effects for time or group, and no 
group-by-time interactions (all P > 0.05). However, there were significant main effects 
for time in all three isokinetic dorsiflexion torque speeds at both the intervention and 
retention periods respectively (all P < 0.05), but there were no main effects for group 




No participant completed the full 120 s in the eyes closed condition thus parametric 
tests were possible. However, the balance test was ceased in some participants in the 
eyes open condition, thus parametric tests were not possible. For the eyes open 
condition, the balance group progressed from 1/10 to 10/10 participants being able to 
complete the full 120 s on both legs from baseline to 12 weeks. However, the other 
training groups and CTRL did not see similar improvements, with only 2/9 for the VIS, 
3/9 for the EP-ST and 4/8 for the CTRL group by 12 weeks. In the eyes closed 
condition, there were significant main effects for time and group, and significant group-
by-time interactions for both the left and right legs in the intervention and retention 
periods (all P < 0.05). These interactions were due to significant improvements in the 
BAL group that were not experienced by the VIS, EP-ST or CTRL groups, going from 
an average of 6.6 ± 11.8 and 10.3 ± 13.5 s for the left and right legs respectively at 
baseline to an average of 32.6 ± 51.5 and 43.3 ± 71.3 s after 12 weeks of training. The 
BAL group significantly improved balance at all time-points compared to baseline and 
had significantly greater improvements in balance compared to all other groups at all 
time points (all P < 0.05).  
Visuomotor tracking 
Mean ± SD visuomotor tracking sum-of-squares error and P-values are shown in Table 
5.6 (page 136). There was a significant main effect for time for both the intervention 
and retention periods for all visuomotor tracking tasks and intra-task time points (all P < 
0.05). For task 1 (ROM 70-110°; frequency of 0.2 Hz), there were no main effects for 
group and no group-by-time interactions (all P > 0.05). For tasks 2 (ROM 80-100°; 
frequency of 0.4 Hz) and 3 (ROM 70-110°; frequency of 1.1 Hz), there were no main 
effects for group and no group-by-time interactions for the five second intra-task time 
point (all P > 0.05), but there were significant main effects for group and significant 
group-by-time interactions for the 30 s intra-task time point in both the intervention and 
retention periods (all P < 0.05). These observed interactions were largely due to 
training-related improvements in visuomotor tracking performance for the BAL, VIS 
and EP-ST groups, but not the CTRL group. Within group analyses revealed that the 
CTRL group did not improve visuomotor tracking performance in either task at any 
time point. However, for the second visuomotor task (30 s intra-task time point) there 
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were significant 30% (P < 0.001), 21% (P = 0.041) and 17% (P = 0.018) reductions in 
sum-of-squares error by eight weeks in the BAL, VIS and EP-ST groups respectively. 
All groups sustained these improvements compared to baseline at the 12 and 16 week 
time points (all P < 0.05), but the BAL group experienced further reductions (22%) 
between four and eight weeks (P = 0.005). For the third visuomotor task (30 s intra-task 
time point) there was a significant 21% improvement for the EP-ST group at four weeks 
compared to baseline (P = 0.016), and significant 24% improvements by eight weeks 
compared to baseline for both the BAL (P = 0.005) and EP-ST (P = 0.002) groups, and 
this improved performance compared to baseline was sustained at both 12 and 16 weeks 
for both groups (all P < 0.001) with performance peaking at 12 weeks with 36% and 28% 
reductions in error for the BAL and EP-ST groups respectively compared to baseline. 
The BAL group experienced improvements throughout the entire training period, with 
further significant 27% improvements from four weeks to 12 weeks (P = 0.002) and 
eight weeks to 12 weeks (P = 0.03), which was sustained at 16 weeks (P = 0.044). In 
contrast, the VIS group experienced minimal change in performance within the first 
eight weeks (all P > 0.05), but by 12 weeks had significantly improved by 19% 
compared to baseline (P = 0.043), and 16% compared to four and eight weeks (both P = 
0.05). Whilst all training groups improved visuomotor tracking performance relative to 
CTRL (all P < 0.05), there were no differences between training groups at any time 
point (all P > 0.05).
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Table 5.6 Raw data (mean ± SD) and P-values for sum-of-squares error for each visuomotor tracking task at five and 30 s in the control (CTRL), 
balance (BAL), visuomotor (VIS) and externally-paced strength training (EP-ST) group at baseline, four, eight, 12 and 16 weeks. 
Task 
Intra-task time 
point / Group 
Time (weeks) P-value (intervention/ retention) 
0 4 8 12 16 Time Group (Group × Time) 
1 
5 s 
CTRL 25.1 ± 8.7 22.8 ± 7.8 20.9 ± 4.6 21.9 ± 8.2 23.5 ± 8.7 
0.000 / 0.000 
0.734 / 
0.626 
0.581 /  
0.519 
BAL 26.7 ± 14.5 29.6 ± 18.7 17.1 ± 4.7 19.9 ± 8.8 23.9 ± 7.4 
VIS 23.8 ± 6.2 25.2 ± 11.0 19.9 ± 6.0 20.3 ± 7.5 18.6 ± 5.5 
EP-ST 19.2 ± 5.7 19.0 ± 5.8 18.2 ± 5.8 17.4 ± 4.1 19.0 ± 4.5 
30 s 
CTRL 16.8 ± 5.5 19.4 ± 7.2 17.3 ± 4.6 17.6 ± 3.9 16.0 ± 4.4 
0.000 / 0.000 
0.241 / 
0.426 
0.432 /  
0.200 
BAL 19.9 ± 7.4 18.0 ± 6.1 13.6 ± 3.3 14.3 ± 2.8 18.0 ± 4.9 
VIS 19.7 ± 3.9 20.0 ± 7.7 16.2 ± 6.2 13.8 ± 2.0 14.4 ± 3.4 
EP-ST 14.1 ± 4.0 16.0 ± 2.6 14.8 ± 2.9 14.6 ± 3.3 14.7 ± 2.5 
2 5 s 
CTRL 30.4 ± 13.7 24.8 ± 4.4 28.4 ± 13.6 30.4 ± 14.4 22.8 ± 12.8 
0.003 / 0.014 
0.142 / 
0.178 
0.166 /  
0.287 
BAL 29.6 ± 10.4 26.4 ± 9.9 19.8 ± 6.5 21.5 ± 5.5 22.3 ± 4.3 
VIS 25.1 ± 6.8 25.1 ± 9.5 21.0 ± 5.2 19.3 ± 5.0 20.8 ± 4.5 
EP-ST 23.2 ± 6.2 19.4 ± 7.8 19.6 ± 8.9 20.4 ± 5.1 19.3 ± 3.6 




Table 5.6 continued… 
Task 
Intra-task time 
point / Group 
Time (weeks) P-value (intervention/ retention) 
0 4 8 12 16 Time Group (Group × Time) 
2 30 s 
CTRL 20.0 ± 8.6 18.5 ± 6.2 21.1 ± 6.1 26.9 ± 12.2 18.9 ± 7.4 
0.000 / 0.000 0.048 / 0.044 
0.004 /  
0.015 
BAL 23.0 ± 9.7 20.5 ± 4.5 16.1 ± 3.2 15.8 ± 4.4 17.1 ± 4.7 
VIS 21.3 ± 4.9 21.3 ± 10.5 16.8 ± 5.6 16.3 ± 5.3 16.7 ± 5.4 
EP-ST 20.8 ± 7.0 16.8 ± 5.4 17.2 ± 4.7 16.2 ± 4.7 15.6 ± 3.6 
3 
5 s 
CTRL 40.6 ± 12.2 38.4 ± 15.0 40.9 ± 15.4 36.4 ± 12.6 33.0 ± 10.7 
0.000 / 0.000 0.218 / 0.212 
0.431 /  
0.656 
BAL 46.4 ± 15.3 33.3 ± 7.9 34.9 ± 10.4 30.4 ± 7.7 29.6 ± 5.8 
VIS 37.4 ± 10.4 36.0 ± 9.7 33.0 ± 5.8 29.2 ± 5.1 30.3 ± 8.6 
EP-ST 42.9 ± 9.9 37.7 ± 10.5 33.0 ± 7.8 31.1 ± 2.7 31.2 ± 3.9 
30 s 
CTRL 26.4 ± 7.8 22.5 ± 5.2 28.9 ± 7.3 27.6 ± 10.5 23.6 ± 4.7 
0.000 / 0.000 0.042 / 0.020 
0.003 /  
0.010 
BAL 26.0 ± 9.8 22.8 ± 5.8 19.7 ± 5.6 16.6 ± 2.4 19.0 ± 2.0 
VIS 25.8 ± 5.7 24.8 ± 7.7 25.0 ± 9.3 20.9 ± 5.6 22.3 ± 6.4 
EP-ST 27.8 ± 10.4 22.1 ± 5.4 21.1 ± 4.3 20.0 ± 2.8 20.1 ± 2.8 
Task 1 - Range of movement (ROM) between 70-110° at a frequency of 0.2 Hz; Task 2 - ROM between 80-100° at a frequency of 0.4 Hz; Task 3 




The aims of this study were to: 1) track the time-course of training-related use-
dependent neuroplasticity in older adults throughout 12 weeks of EP-ST, BAL and VIS 
training; 2) determine whether neurological adaptations were sustained after four weeks 
of ceasing the intervention; and 3) determine if one form of highly targeted training 
intervention was superior for improving overall physical performance in older adults. 
The results showed mode-specific adaptations in lower-limb tasks, including significant 
improvements in dynamic leg-press strength exclusively in the EP-ST group and 
enhanced balance performance experienced only by the BAL group. However, 
performance in the visuomotor tracking tasks (specifically the 30 s time point in tasks 
two and three) was improved in all three training groups, indicating that each form of 
centrally demanding motor training had unique sensorimotor demands that resulted in 
similar benefits to overall proprioceptive acuity. A similar finding was observed for the 
functional tests including the six minute walk and stair climb test, in which all training 
groups improved over time, but no type of training resulted in ‘superior’ benefits 
compared to others. In relation to neurological adaptations, all training groups reduced 
SICI compared to CTRL, but BAL and VIS training led to greater reductions in SICI 
compared to EP-ST. Overall, these reductions in SICI were a magnitude of up to 46% 
over the 12 week training period, but in general, the effects were greatest at eight weeks 
with either no further reductions or an increase in SICI despite ongoing training. The 
slope of the TMS RC significantly increased for the EP-ST and VIS groups, but there 
were no other changes in measures of corticospinal excitability for any group 
throughout the training or retention periods. For the most part, training-related neural 
adaptations tended to be reversed after four weeks of no training, with almost all groups 
returning to baseline levels by 16 weeks, whilst performance improvements in lower-
limb tasks and functional measures were sustained after four weeks of no training. 
These findings suggest that BAL, VIS and EP-ST are sufficiently centrally demanding 
to impose a neuromodulatory effect on the CNS and each provide training-related 
benefits to functional ability. However, given the specificity of performance 
improvements in lower limb dynamic strength and balance, they could be prescribed in 
a highly personalised manner dependent on client deficits and enhance the overall 
physical, functional and neural outcomes for older adults. 
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5.4.1 Effects of training on lower-limb task performance and functional ability 
No studies to date have directly compared the effects of BAL, VIS and EP-ST on lower-
limb task performance and functional ability in older adults. However, given the vastly 
different physiological demands of the training modes, it was expected that mode-
specific changes in lower-limb task performance would occur. For example, EP-ST 
resulted in significant 36% improvements in dynamic leg press strength whilst BAL 
resulted in mode-specific improvements in balance ability. Similar training-specific 
results were reported in young adults by Jensen et al. (2005), who compared heavy load 
strength training and VIS training, and demonstrated 31% improvements in elbow 
flexion strength unique to the strength trained individuals, and improvements in skill 
performance unique to the VIS group. However, the present study showed that all three 
training groups improved visuomotor tracking performance and there were no between-
group differences in the magnitude of improvement for these tasks. This was 
unexpected, particularly given that the VIS training group underwent specific training of 
the visuomotor tracking motor tasks. However, each mode of training was designed to 
be centrally demanding, and this was achieved through creating a complex sensorimotor 
integration environment. For example, EP-ST required precise control of movement 
output through controlled timing based upon an auditory stimulus and specific joint-
position sense via explicit prescription of exercise ROM; BAL was consistently 
challenging requiring a high degree of sensory input from proprioceptive sources to 
quickly respond to unexpected perturbations; and VIS required complex integration 
between a visual stimulus and proprioceptive afferents to control joint position sense. 
With the knowledge that motor learning is inherently multisensory, it is difficult to 
determine whether improvements in specific sensory modalities (i.e. vision or 
proprioception) contribute to improved acuity (Aman et al. 2014). However, given the 
different sensory requirements of these tasks, it is likely that efficacy of sensorimotor 
integration drove the observed improvements in proprioceptive acuity in older adults in 
this study. 
In the absence of literature exploring the functional benefits of BAL, VIS and EP-ST 
training in older adults, it is necessary to draw on evidence from other training modes 
that are similar in nature, but not executed in the sense of being ‘centrally demanding’. 
There have been a multitude of studies that have shown 9-30% improvements in 
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walking speed, stair climb time and sit-to-stands following various interventions 
including 10-12 weeks of resistance training (Fiatarone et al. 1994, Suetta et al. 2004b), 
balance training (Nitz & Choy 2004, Jacobson et al. 2011, Liao et al. 2015), and 
combination training in older adults (Beyer et al. 2007, Caserotti et al. 2008b), but no 
study to date has investigated the functional benefits of VIS training. Interestingly, the 
present study showed that BAL, VIS and EP-ST all significantly improved performance 
in the six minute walk and stair climb test to similar magnitudes as were previously 
reported (9-30% in other studies as mentioned earlier; 6-18% in the present study), but 
most importantly, no training group was superior. This was surprising, particularly due 
to the aforementioned differences in physiological demands of the training tasks. 
However, a recent study by Penzer et al. (2015) also compared two different 
interventions consisting of predominantly balance or predominantly strength training for 
a duration of six weeks in older adults, and similarly found that both training 
interventions significantly increased six minute walk distance despite there being no 
between-group differences. The authors suggested that perhaps involvement in the study 
increased the general physical activity levels of participants including incidental activity 
during their commute to the training facility, and this may have improved their overall 
functional outcomes. This may also be the case in the present study, although it is 
difficult to conclude since habitual physical activity was not recorded in either study. 
Another factor to consider is the effects of the known phenomenon of motivational 
‘spill-over’ (Mata et al. 2009). That is, based on the Hierarchical Model of Motivation, 
increased self-determination and motivation mediates improvements in a host of 
lifestyle factors due to an ‘approach motivation’ model, whereby behaviours are 
directed towards positive stimuli (Elliot 2006). Therefore, older adults are likely to gain 
functional improvements by simply committing to the intervention program and 
establishing positive routine behaviours associated with training and increasing self-
efficacy based on perceived benefits of such interventions. This establishment of 
positive routines and process of behaviour change may also be a viable explanation for 
the maintenance of training-related improvements at week 16 in the present study, 
despite four weeks of no exposure to the specific training stimuli. In this respect, it is 
possible that psychosocial factors played just as large a role, if not larger, in the 
observed benefits to functional ability, particularly given the vastly different 
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physiological demands of the training stimuli. However, with the absence of qualitative 
data to this effect in the present study, this is only speculative. 
5.4.2 Changes in corticospinal excitability and short-interval intracortical inhibition 
MMAX did not change in any group over the training or retention period, which supports 
previous findings that have shown no long-term changes in MMAX following a period of 
training (Aagaard et al. 2002, Jensen et al. 2005, Weier et al. 2012). However, given the 
short-term variability in this measure as shown in Study 2 and the vast array of factors 
that can alter it, all TMS measures were normalised to MMAX in the present study.  
All training modes in this study resulted in significant reductions in SICI compared to 
CTRL, however it appears that VIS and BAL training had a greater effect on SICI at 
various time points during the intervention period with peak reductions of 41% and 52% 
respectively compared to 32% reductions in the EP-ST group. However, there were no 
significant changes in net corticospinal excitability (top of the RC, V50 or RMT/AMT) 
for any of the training groups, which was unexpected. It is known that early adaptations, 
particularly in complex sensorimotor tasks, are due to the learning requirements of the 
task. That is, the nature of sensorimotor tasks emphasises learning of novel movement 
kinematics (movement speed/timing and limb geometry/position) and dynamics (muscle 
forces and joint coordination) (Hardwick et al. 2013). The primary motor cortex (M1), 
regardless of the task, is consistently implicated in the use-dependent acquisition and 
storage of muscle synergies required for successful performance of fast and/or precise 
sensorimotor movements (Krakauer & Mazzoni 2011, Shmuelof & Krakauer 2011, 
Penhune & Steele 2012). Therefore, increased corticospinal excitability is a relatively 
consistent finding associated with the learning of skilled or complex tasks including EP-
ST (Goodwill et al. 2012, Weier et al. 2012), ballistic strength training (Beck et al. 
2007), and VIS (Jensen et al. 2005, Pearce & Kidgell 2009, Pearce & Kidgell 2010, 
Cirillo et al. 2011). The present study showed mean increases of up to 41% in the top of 
the RC in some groups, which indicates increased corticospinal excitability, but this did 
not reach statistical significance. It is likely that large variability in responses between 
participants contributed to this finding, similar to Study 2. Despite the lack of change in 
maximal MEP amplitude, there was evidence of training related changes in the 
recruitment patterns of corticospinal neurons following EP-ST and VIS training in older 
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adults, as demonstrated by changes in the slope of the RC for these two training groups 
in the present study. Interestingly, Penzer et al. (2015) also reported changes in the 
slope of the RC with no corresponding significant change in maximal MEP amplitude in 
older adults following both six weeks of balance or strength training. This suggests that 
the changes in older adults may be unique in the intrinsic excitability profile of 
corticospinal neurons altering the functional recruitment patterns in response to training 
interventions.  
In general, few studies have looked at training-related changes in SICI in either young 
or older adults. EP-ST has previously been shown to reduce SICI by 25% and 32% 
following three and four weeks of unilateral (Goodwill et al. 2012) and bilateral (Weier 
et al. 2012) heavy load externally paced squat strength training respectively in young 
adults. Whilst these magnitudes of change are similar to the net changes reported for the 
EP-ST group in the present study, the results of Goodwill et al. (2012) and Weier et al. 
(2012) were achieved following much shorter durations of training (three and four 
weeks compared to twelve) and with a much smaller training dose (four sets of 8-12RM 
squats compared to four sets of 8-12RM of five different lower-limb exercises). The fact 
that the present study utilised a higher training dose and for a longer period of time 
before such magnitudes of change were observed in SICI may indicate that the potential 
for neuroplasticity may be slowed in older adults (Rogasch et al. 2009, Bashir et al. 
2014, Fujiyama et al. 2014, Kishore et al. 2014) as previously suggested.  
SICI is known to be acutely reduced following a single VIS training session in both 
young and older adults (Cirillo et al. 2011, Leung et al. 2015), and after a single session 
of BAL training in older adults (see Study 2). However, no studies to date have 
described training-related changes in SICI following long-term training of a visuomotor 
task or challenging balance tasks in either young or older adults. Therefore, this study 
shows for the first time that long-term training of a complex visuomotor task and BAL 
can result in long-term use-dependent reductions in SICI in older adults. Given the 
centrally demanding nature of these types of training, this was to be expected. However, 
this provides the first line of evidence that these modes of training can sufficiently 
induce long-term changes in inhibitory control of motor output from the M1.  
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One factor that requires further exploration is the meaning behind training-related 
reductions in SICI throughout the intervention period, and the relative similarity 
between training groups. A reduction in SICI after skilled motor practice is likely to 
reflect reduced motor cortical gamma-aminobutyric acid (GABA)-ergic inhibition (Ilic 
et al. 2002, Rosenkranz et al. 2007), which has been shown to lead to the unmasking of 
latent intracortical connections (Jacobs & Donoghue 1991). Reducing M1 GABAergic 
inhibition is also known to promote stronger cortico-cortical connections within the rat 
M1 (Rioult-Pedotti et al. 1998), and motor training may increase the capacity for 
training-related synaptic modification (Rosenkranz et al. 2007, Reis et al. 2008). 
Therefore, given the centrally demanding nature of BAL, VIS and EP-ST, and the 
aforementioned sensorimotor integration demands of each mode of training, it is likely 
that each type of training provided sufficient stimulus to exploit improvements in 
synaptic efficacy and enhance control over motor output in older adults. 
5.4.3 Time-course of neurological adaptations 
The inclusion of time-course analyses in the present study was novel and demonstrated 
an interesting effect of time (i.e. progression through a 12 week training program) on 
neurological variables; in particular, the modulation of SICI and the slope of the RC. 
Specifically, the BAL and VIS groups experienced a 25% and 29% reduction in SICI 
following the first four weeks of training, which was followed by further significant 
reductions between four weeks and eight weeks of training, taking the total reductions 
to 46% and 41% compared to baseline for the BAL and VIS groups respectively. The 
EP-ST group also experienced significant reductions in SICI, albeit to a lesser 
magnitude than the BAL and VIS groups, with a total of 25% reduction in SICI by eight 
weeks. This slightly reduced magnitude of change for EP-ST may be due to the 
inclusion of several lower-body exercises that didn’t specifically target the TA. 
However, it appears as though additional training of any mode beyond eight weeks did 
not offer any further modulation of SICI despite continued progression of the training 
stimuli. This is unlikely to be the result of a ‘ceiling effect’, but representative of a shift 
in neural mechanisms throughout skill acquisition and consolidation. Whilst time-
course studies are sparse, Rosenkranz et al. (2007) provided evidence of differential 
modulation of neuroplasticity in early and late phases of motor learning, and suggested 
that reduced SICI in the early skill acquisition stages of motor training promotes 
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synaptogenesis which contributes to the consolidation of skills during later stages of 
motor learning. Additionally, there are functional brain imaging studies that have shown 
that the main focus of neural activity shifts from cortical towards subcortical motor 
regions including cerebellar dentate nucleus, thalamus and putamen during the time 
course of training in a wide variety of tasks as they become learned rather than novel 
motor behaviours (Pascual-Leone et al. 1994, Pascual-Leone et al. 1995, Floyer-Lea & 
Matthews 2004, Doyon & Benali 2005, Puttemans et al. 2005). 
In addition to the changes in SICI, the slope of the RC significantly increased in both 
the EP-ST and VIS groups at four weeks compared to baseline, and then returned to 
baseline levels by eight weeks. However, between eight and 12 weeks, there were 
further significant increases in slope compared to baseline in both groups. There are no 
other studies that have reported the time-course of changes in slope, but the interesting 
interactions between recruitment behaviour of corticospinal neurons and SICI provides 
further evidence of a shift in the neural mechanisms throughout the course of the 
intervention as it progresses from a period of acquiring a new skill and consolidating 
that skill into an already learned task.  
What is important to note, though, is that regardless of the actual time-course of 
adaptations during training, they were quickly reversed following a four week period of 
‘detraining’. All neurological variables had returned to baseline levels by week 16, 
except for SICI in the VIS group and RC slope in the EP-ST group, merely four weeks 
after ceasing the training stimulus that they had been exposed to for 12 weeks prior. 
Although SICI in the VIS group and slope in the EP-ST group was still significantly 
altered in favour of the training response compared to baseline following the retention 
period, they had experienced increases in SICI and reductions in RC slope towards 
baseline levels. This may indicate a rapid effect of task avoidance and degradation of 
neural networks that contribute to maladaptive neuroplasticity in older adults. However, 
given the apparent maintenance of training-related performance improvements in lower-
limb tasks and functional measures in the same time-frame, there may be either delayed 
functional consequences to altered neurological function or a residual effect of 
consolidation of motor performance following long-term training that is independent of 




There were several limitations to this study that need to be acknowledged, however 
many of the limitations identified in Study 2 are still relevant in Study 3 due to the 
similarity in study design and implementation. Namely, the influence of lifelong 
physical activity habits beyond the scope of 12 month screening for this sample of older 
adults, insufficient power to detect between group differences, the inability to 
randomise participants to training groups, and having all aspects of the study run by the 
one researcher being a source of potential experimental bias. However, some other 
limitations arose due to the longer-term nature of this study. The first relates to the time 
of day of both testing and training. There is some evidence that suggests that natural 
fluctuations in cortisol, specifically morning levels, can lead to altered learning effects 
and impede plasticity (Sale et al. 2007). However, all efforts were made to ensure that 
participants underwent training and testing at consistent times throughout the duration 
of the study. Another consideration is the variation in timing between the 12th training 
session of each four week training block and the subsequent testing session. Each 
testing session occurred between 12 and 24 hours after the preceding training session so 
that residual fatigue from the training session did not influence results, but this 12 hour 
testing window may contribute to some variations in data between participants.  
5.4.5 Conclusion 
The present study showed that all training groups experienced significant reductions in 
SICI in the first eight weeks, and this corresponded with simultaneous improvements in 
tests of physical function (six minute walk, stair climb). However, further training of the 
same motor tasks from eight weeks to 12 weeks failed to result in any additional 
benefits from either a functional perspective or in reducing SICI, and most neurological 
measures had returned to baseline after four weeks of no training. BAL and VIS 
appeared to have a stronger effect on intracortical inhibition than EP-ST, probably due 
to the inclusion of non-specific exercises in the EP-ST group, but EP-ST and VIS 
resulted in changes in the activation patterns of corticospinal neurons as shown by 
changes in the slope of the RC. This suggests different mechanisms for training-related 
adaptations between these modes of training. Also, whilst there were training-specific 
adaptations to the interventions, the improvements in general functional tasks were 
comparable between groups, and sustained after a period of four weeks of no training. 
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These findings collectively provide important practical applications. For example, this 
informs personalised prescription of training to target specific motor deficits in older 
adults whilst still inducing neural adaptations and improving functional ability to a 
similar extent. It also provides evidence of a shift in neural mechanisms contributing to 
early and late stages of motor training, but if neuroplasticity and synaptogenesis were a 
focus of interventions, perhaps altering the training task every four to eight weeks could 
exploit the skill acquisition related reductions in GABAergic inhibition and subsequent 














The three experimental studies included within this thesis have systematically explored 
the functional consequences of age-related alterations within the primary motor cortex 
(M1) and corticospinal tract (CST), and contributed novel findings to the literature 
relating to adaptive neuroplasticity and functional improvements following short and 
long-term challenging balance (BAL), visuomotor (VIS) and externally-paced strength 
training (EP-ST) interventions in older adults. This chapter will offer a comprehensive 
and integrated discussion relating to the individual and collective findings of these 
studies, and outline their contributions of knowledge to the fields of ageing, 
neuroplasticity and motor training. Specifically, the discussion will approach key 
themes arising from these main findings, and then address limitations of the present 
studies and future research directions that can continue to improve functional and 
neuromuscular outcomes for older adults. 
The first study (chapter three) demonstrated that older adults performed consistently 
worse in all lower-limb and functional tasks compared to young adults, and that higher 
transcranial magnetic stimulation (TMS) stimulus intensities were required to elicit 
comparable muscle responses in older adults. Whilst there were no differences detected 
in short-interval intracortical inhibition (SICI) between young and older adults, the 
findings that SICI was associated with stair climb time and visuomotor tracking error at 
five seconds in task two in older adults but not young adults suggested age-specific 
differences in the neural control of some motor tasks. Similar age-specific results were 
observed for active motor threshold (AMT) and visuomotor tracking error at five 
seconds in tasks two and three, but these appeared to be dependent upon the difficulty 
of the task. Studies 2 and 3 (chapters four and five) focused on centrally demanding 
interventions (BAL, VIS and EP-ST) that could target the lower-limb deficits 
previously identified within Study 1 (e.g. reduced muscle strength, poorer balance and 
increased movement variability). Study 2 determined the nature and time-course of 
acute neurological responses of older adults to these interventions, in an effort to 
determine their potential for inducing use-dependent neuroplasticity in older adults. 
Each type of training resulted in acute progressive reductions in SICI for up to 60 
minutes post-training that outlasted the training duration (45 minutes), and importantly, 
these reductions were not different between training groups. The progressive nature of 
these reductions implies an important aspect of time-course of changes such that effects 
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of neuroplasticity inducing protocols may be delayed in older adults, and the lack of 
between-group differences suggested that BAL, VIS and EP-ST were sufficiently 
centrally demanding to induce adaptive neuroplasticity in older adults. Study 3 further 
built on Studies 1 and 2 by implementing a 12 week training intervention of BAL, VIS 
and EP-ST in older adults and investigating both the time-course of adaptations in four 
weekly intervals (i.e. baseline, four weeks, eight weeks and 12 weeks), and also the 
residual effects after having completed the intervention for four weeks (i.e. 16 weeks). 
This study showed consistent findings relating to the specificity of each intervention at 
targeting motor deficits such as reduced strength, balance and proprioceptive acuity, but 
most importantly, the efficacy of improving functional assessments such as the six 
minute walk distance and stair climb time was similar between training groups. This 
study also showed an interesting time-course effect of both neural and functional 
adaptations which suggests a shift in neural mechanisms between the acquisition and 
consolidation phases of early and late motor training. An assessment of the retention of 
training-related adaptations after four weeks of no training indicated a reversal of the 
training-induced neural adaptations, but a maintenance of training gains in lower-limb 
task performance and functional ability. This may be reflective of the altered neural 
demands to perform already learned tasks, representative of the consolidation of 
learning, or perhaps a precursor to maladaptive neuroplasticity following task avoidance. 
Overall, the centrally demanding interventions of BAL, VIS and EP-ST were shown to 
be effective stimuli for inducing short and long-term neuroplasticity and offer functional 
benefits in older adults. The findings from this thesis suggest that age-related changes in 
corticospinal control and physical function may be reversed through the implementation 
of targeted motor training, and that there are opportunities to exploit adaptive 
neuroplasticity in older adults whilst targeting specific motor deficits. 
6.1 Age-related changes in corticospinal excitability and short-interval 
intracortical inhibition 
Most research investigating age-related changes in the central nervous system (CNS) 
have been magnetic resonance imaging (MRI) studies looking at morphological changes 
in grey and white matter volume and integrity (Courchesne et al. 2000, Ge et al. 2002, 
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Brickman et al. 2006, Cabeza & Dennis 2012, Erickson et al. 2014). These studies show 
consistent structural deterioration in older adults, but studies investigating the functional 
changes within the M1 or CST have been less agreeable. For example, some studies 
have shown a reduction in corticospinal excitability in older adults as measured by 
motor evoked potential (MEP) amplitude or recruitment curve (RC) parameters (Pitcher 
et al. 2003, Sale & Semmler 2005, Oliviero et al. 2006, Bashir et al. 2014), whilst 
others have shown no effect of age (Wassermann 2002, Rogasch et al. 2009, Smith et al. 
2009, Cirillo et al. 2011, Stevens-Lapsley et al. 2013). Similarly, some studies have 
shown no difference in baseline SICI between young and older adults (Wassermann 
2002, Oliviero et al. 2006, Rogasch et al. 2009, Stevens-Lapsley et al. 2013), but there 
is also some evidence of either increased (Kossev et al. 2002, Smith et al. 2009, 
McGinley et al. 2010) or decreased SICI with age (Peinemann et al. 2001, Marneweck 
et al. 2011). Study 1 of this thesis showed no significant difference between young and 
older adults for MEP amplitude or SICI, and elucidated some potential reasons for the 
differences in reported results within the literature. Firstly, there was a larger degree of 
inter-individual variability in the older adults of this study suggesting that perhaps this 
study may have been underpowered to detect significant between-group differences, and 
probably other studies given the similar number of participants in each group. This is 
particularly the case in the present study given the large effect sizes observed for the top 
of the RC indicating a trend for an age-related reduction in the maximal recruitment of 
corticospinal neurons at the highest stimulus intensities. However, it appears that some 
of the conflict within the literature may arise from differences in the interpretation of 
RC parameters. Several prior studies have constructed RCs based upon an x-axis of 
percentage of maximal stimulator output (%MSO) and suggested that a rightward shift 
of the RC in older adults is representative of reduced corticospinal excitability (Pitcher 
et al. 2003, Stevens-Lapsley et al. 2013). However, this rightward shift purely indicates 
that older adults required higher stimulus intensities to elicit comparable MEPs 
compared to young adults, and this has been shown to be related to morphological 
changes (i.e. cortical thinning) increasing the coil-to-cortex distance in older adults, thus 
requiring stronger stimulus intensities to excite the underlying neural tissue (Kozel et al. 
2000, List et al. 2013). 
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Another consideration relating to the lack of age-related differences observed in the 
present study and potential reasons for conflict within the literature is the biological 
ageing status of the participant sample. Good lifestyle choices such as lifetime physical 
activity has been shown to preserve neurological integrity and function and attenuate 
age-related deterioration (Colcombe et al. 2003, Miller et al. 2012, Erickson et al. 2014, 
Fuss et al. 2014, Schulz et al. 2014). The recruitment of ‘healthy’ older adults with no 
physical or cognitive impairments may have resulted in a sample of idyllic older adults, 
and often there is a sample bias in which those who have a vested interest in their health 
and wellbeing are more likely to be proactive in volunteering for such research projects.  
6.2 Age-related changes in functional ability and relationship to 
neurological function 
The functional meaningfulness of corticospinal changes with age are not well 
understood, despite evidence of morphological changes (i.e. grey and white matter 
volume and integrity) being correlated to functional deficits (Rosano et al. 2008, 
Sullivan et al. 2009, Zahr et al. 2009, Sullivan et al. 2010, Holtrop et al. 2014, Zhu et al. 
2014). Study 1 demonstrated that older adults performed consistently worse on all 
lower-limb tasks and functional tests, and there were some interesting associations 
between AMT and SICI and some lower-limb tasks including the second and third 
visuomotor tracking tasks and stair climb. There seemed to be an effect of task 
complexity on these associations, given that only tasks two (slow frequency but limited 
range of movement (ROM)) and three (natural ROM but fast frequency) of the 
visuomotor testing were significantly correlated to either AMT or SICI, and not task 
one (natural ROM and slow frequency). There also appeared to be evidence of 
corticospinal/intracortical contributions to reduced proprioceptive acuity in older adults 
given the associations were significant at the five second time point of these tasks and 
not the 30 s time point. That is, older adults showed greater error in the early stages of 
the task indicating delayed motor responses. Another interesting finding was that only 
AMT correlated with any functional measure, and not resting motor threshold (RMT), 
despite RMT also being significantly higher in older adults. This implicates an 
important role for movement planning or perhaps impaired voluntary activation of 
skeletal muscles, possibly due to neuromuscular changes within motor unit structure 
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and function, in the corticospinal control of movement. Whilst these findings are novel, 
perhaps the most notable finding from Study 1 was that these associations were unique 
to older adults, and there were no relationships between the same neurological measures 
and function in young adults. This finding has been observed once before by Fujiyama 
et al. (2012b), and indicates that the nature of contributions of corticospinal or 
intracortical physiological mechanisms differ with advancing age. 
6.3 Short and long-term changes in neurological function following 
centrally demanding motor training 
Foremost, the findings from Studies 2 and 3 provide strong evidence that older adults 
can experience use-dependent neuroplasticity and that both a single session and 
repeated training of BAL, VIS and EP-ST provide sufficient centrally demanding 
stimuli to drive such changes in older adults. Whilst there was evidence of these 
interventions resulting in neural adaptations in young adults (Perez et al. 2004, Jensen et 
al. 2005, Beck et al. 2007, Goodwill et al. 2012, Weier et al. 2012, Leung et al. 2015, 
Taubert et al. 2016), it was not yet known whether similar results would be observed in 
older adults. Study 2 looked at the acute adaptations following a single session of BAL, 
VIS and EP-ST, and demonstrated significant reductions in SICI in older adults, with no 
differences between training groups. Study 3 investigated the adaptations following 
long-term (12 weeks) training of these interventions, and similarly showed that all 
groups experienced reduced SICI, but indicated that EP-ST resulted in a lesser 
magnitude of changes compared to BAL and VIS. It is likely that the inclusion of 
general lower-body exercises (including squats, leg press and step-ups) may have 
contributed to this, given their lack of specificity to the TMS target muscle (tibialis 
anterior; TA). There was also some indication that corticospinal excitability may have 
been increased in both studies, with non-significant trends, most likely due to large 
degrees of inter-individual variability. It is important to note that whilst the direction of 
changes are similar between both studies (indicating increased excitability), the 
mechanisms of change are different between acute and long-term training. Testing in 
Study 2 occurred five minutes, 30 minutes and 60 minutes post-training, so the 
reductions observed in SICI were the direct transient effects of their exposure to the 
motor tasks themselves. However, testing at each four weekly time point in Study 3 
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occurred 12 to 24 hours after their preceding training session, thus results reflected 
longer-term residual changes in neurological function indicating actual training-related 
adaptations within the CNS in response to repeated exposure to the respective training 
stimuli. Both of these findings offer similar, yet also quite separate pieces of 
information that is promising for older adults and the flexibility of their CNS to adapt 
rapidly and repeatedly in response to novel stimuli. 
6.4 Time-course of use-dependent neuroplasticity in older adults 
Several lines of evidence exist for older adults to experience adaptive neuroplasticity 
following experimental and use-dependent neuromodulatory protocols, however the 
majority of literature suggests that it may be delayed or to a lesser magnitude compared 
to young adults (Rogasch et al. 2009, Bashir et al. 2014, Fujiyama et al. 2014, Kishore 
et al. 2014). The time-course components of the second and third studies within this 
thesis appear to support such findings. In Study 2, the reductions in SICI peaked at the 
final time-point one hour following the completion of the training session for all groups. 
Importantly, the exposure to the training stimulus was only 45 minutes, thus the 
transient alterations in cortical inhibition outlasted the duration of training. Fujiyama et 
al. (2014) demonstrated a similar important effect of time-course on adaptations in older 
adults following transcranial direct current stimulation (tDCS), but testing stopped at 30 
minutes post, thus it is still not known how long these acute changes last for or when 
they return to baseline levels. In Study 3, the time-course testing uncovered an 
interesting phenomena following eight weeks of training at which point adaptations 
peaked, and further training did not offer any additional neurological or functional 
changes in any group. This may suggest a shift in neural mechanisms once the skill 
acquisition phase of motor learning transitions into a state of skill consolidation. 
Therefore, if a specific goal of training was to induce synaptogenesis and elicit 
neuroplastic changes in older adults, it could be feasible to alter the type of training in 
blocks of four to eight weeks to exploit skill acquisition related adaptations.  
The additional element of examining retention four weeks after the completion of the 
training intervention in Study 3 also provided novel insight into the effects of the 
cessation of training. It was determined that all training-related changes in neurological 
variables were either completely abolished or approaching baseline levels within four 
154 
 
weeks of completing 12 weeks of training. This occurred in the absence of change for 
lower-limb task performance or functional training gains, which could be suggestive of 
delayed functional consequences of changes in neurological function, or perhaps an 
enduring effect of the consolidation of learning the motor tasks that is independent of 
neural output from the M1. 
6.5 Functional improvements following centrally demanding motor 
training 
It was determined in Study 1 that older adults had reduced muscle strength, poorer 
balance, and greater movement variability compared to young adults, and also 
performed worse in the six minute walk and stair climb tests. However, Study 3 
demonstrated improvements in all of these performance deficits in older adults, with 
some being training mode specific, and others being improved to a similar extent 
regardless of the type of training stimulus. For example, older adults assigned to the EP-
ST group showed significant strength gains throughout the 12 week training period that 
were not observed in any other training group or control (CTRL). Similarly, older adults 
assigned to the BAL group drastically improved their balance performance compared to 
the VIS, EP-ST and CTRL groups over the 12 weeks. These mode-specific 
improvements were expected, with Jensen et al. (2005) demonstrating similar findings 
for strength trained and visuomotor trained individuals. However, the present study 
demonstrated that all three modes of training resulted in similar improvements in 
visuomotor tracking performance (in tasks two and three at the 30 s time point), which 
was entirely unexpected. Further consideration of the training demands, namely the 
complex sensorimotor integration involved in each task, helps to provide insight into the 
mechanisms that improve proprioceptive acuity in older adults. Previously, it was 
difficult to identify whether proprioceptive acuity was improved via specific 
improvements in sensory modalities themselves (i.e. vision, proprioception), or whether 
enhanced sensorimotor integration at a cortical level contributed to joint position and 
movement sense via influence on motor output (Aman et al. 2014). However, given the 
vastly different sensory requirements of these tasks, it can be speculated that their 
centrally demanding nature enhanced sensorimotor integration thus resulting in 
improved performance in the visuomotor tracking tasks for all training groups. 
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Performance in the six minute walk and stair climb test also improved for all training 
groups, with no group experiencing superior training-related performance gains. Despite 
the lack of research relating to functional improvements following the ‘centrally 
demanding’ modes of BAL, VIS and EP-ST in older adults, other exercise studies 
involving simple resistance training, balance training and combined training programs 
have demonstrated functional improvements in these tests following long-term training 
(Fiatarone et al. 1994, Nitz & Choy 2004, Suetta et al. 2004b, Beyer et al. 2007, 
Caserotti et al. 2008b, Jacobson et al. 2011, Liao et al. 2015). However, given the 
dissimilarities in physiological demands of these training modes, the lack of between-
group difference for these performance improvements was initially unexpected. A 
recent study reported similar findings with no difference for functional performance 
improvements when training modes were either strength focused or balance focused 
(Penzer et al. 2015), and suggested that perhaps an increase in general physical activity 
levels of participants over the course of the training period could explain these findings. 
Whilst this may also be relevant to the present study, a lack of habitual physical activity 
data makes this difficult to conclude. However, there is likely to have been a role for 
psychosocial influences due to a motivational ‘spill-over’ effect, whereby their 
involvement in the routine intervention program is likely to have had a positive 
influence on a host of other lifestyle factors (Elliot 2016, Mata et al. 2009). This 
behaviour change model suggests that increased self-efficacy enhances motivation 
towards positive behaviours, and could help to explain the maintenance of training-
related improvements in lower-limb task performance following four weeks of no 
scheduled training. 
6.6 Limitations 
There are several limitations of this thesis. Firstly, the participants involved were 
predominantly older adults with the exception of a young group in Study 1, which lends 
a lifetime of varied experience and lifestyle choices that contribute to their current 
physical and physiological state. Although all participants underwent screening for 
many factors to ensure their medical and physical eligibility, and significant attempts 
were made to recruit a relatively homogenous sample with respect to age, gender, and 
recent physical activity habits, there is absolutely no way of accounting for lifelong 
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influences of factors such as types of employment (physical versus non-physical jobs), 
sporting history, recreational pursuits and so forth. This is likely to contribute to the 
large degree of variability observed in older adults’ right throughout this thesis. This 
large degree of variability may have resulted in being underpowered for some of the 
outcome measures included within this thesis, particularly for identifying between 
group differences. Additionally, the addition of young groups for studies 2 and 3 would 
have allowed greater certainty around the effects of age on adaptations. 
Another factor that is important to acknowledge is that logistical reasons prevented the 
true randomisation of training groups and there was no blinding as to group allocations 
to the researcher. The nature of this work meant that the researcher was responsible for 
delivering and supervising all training sessions for all studies, and also perform all 
testing at each time-point. However, the benefit of this was that there was utmost 
consistency in the delivery of training and testing and that a high degree of intra-tester 
reliability provided the most reliable and accurate data. The high workload of testing 
(approximately three hours per test, per participant) and single tester / laboratory also 
resulted in between-participant variations in the duration of time between the 12th 
training session of each four week training block and the subsequent testing session. 
Despite significant planning and staggered training blocks to prevent an influx of time-
course testing due on a particular day, testing occurred anywhere between 12 and 24 
hours after the preceding training session. That is, variations in the timing of testing 
within this 12 hour window may have contributed to some variations in data between 
participants.  
There are a number of other measures that can be used to examine neuroplasticity that 
were not included in this research. For example, there are TMS paradigms that can 
assess such things as intracortical facilitation, interhemispheric inhibition, and long-
interval intracortical inhibition. In addition to this, some other methods such as 
cervicomedullary stimulation can assess the same subcortical pathway as TMS without 
being affected by altered excitability at a cortical level. However, this technique has 
limited success in the lower limb, with the exception of the soleus (Oya et al. 2008, 
Taube et al. 2011, Leukel et al. 2012, Taube et al. 2015), and is mostly used for 
assessments of the upper limb (Taylor 2006). There are also techniques to examine the 
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spinal level of control, including Hoffman’s reflex and volitional-waves, which may 
have helped elucidate the specific sites of adaptations following training in older adults. 
Finally, MRI data can provide important morphological insight into training-related 
changes within the CNS. Therefore, whilst ageing and training-related neuroplasticity 
measured via TMS was reported in all three studies, it is likely that there are some 
changes within the CNS that have not been identified. The findings of this thesis were 
novel and provided insight into some changes within the corticospinal pathway whilst 
remaining feasible from a testing duration and participant tolerance perspective. 
However, it would be ideal for future studies to include simultaneous comparisons of 
subcortical and spinal measures, and potentially concurrent MRI scans, to further 
elucidate specific mechanisms that might influence age and training-related changes in 
function. 
6.7 Future research directions 
The findings of this thesis suggest that BAL, VIS and EP-ST have promising prospects 
for improving neuromuscular function and functional ability within an ageing 
population, however there are several key research questions that warrant further 
investigation. One key finding that was consistent throughout this thesis was the large 
degree of variability of responses between older participants, indicating the presence of 
responders and non-responders to neuromodulatory protocols. With some evidence that 
this could be related to dopaminergic dysfunction in older adults (Kishore et al. 2014), 
it is vital to gain greater understanding of the factors that contribute to the large 
variability of responses between participants following exposure to the same stimulus. 
Potential factors requiring investigation could include microstructural, biochemical and 
metabolic changes in the ageing brain. Another potential direction for future research in 
this area is a more comprehensive look at other components within the CNS using 
simultaneous research techniques, such as spinal recordings, other TMS measures and 
MRI. This would assist on many levels, including providing a more holistic 
interpretation of age-related changes within the CNS, and also the time-course or shifts 
in mechanisms that drive training adaptations. Additionally, there is a paucity of 
research that investigates the time-course of neural adaptations, probably due to the 
time-consuming nature of testing. However, further research is needed in the time-
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course of changes for both acute and long-term motor training. From an acute 
perspective, it is important to determine how long transient changes last for and when 
they return to baseline levels, particularly given the findings of the present study that 
reductions in SICI outlasted the training duration. Finally, whilst this data is promising 
at a small sample level, larger clinical trials that also include a young group and 
possibly groups that perform less centrally demanding interventions are warranted in for 
comparisons between older adults with varying degrees of functional deficit and 
cognitive function. 
6.8 Conclusion 
The purpose of this thesis was to explore age-related differences in neurophysiological 
function, and identify and compare the efficacy and time-course of targeted 
interventions in inducing neuroplasticity and driving lower-limb performance 
improvements in older adults. It was hypothesised that there would be age-related 
differences in neurophysiological function as measured by TMS and that these changes 
would help to explain age-related performance deficits in lower-limb tasks; and that 
acute and repeated bouts of centrally-demanding training (BAL, VIS and EP-ST) would 
result in use-dependent neuroplasticity in older adults. Study 1 showed clear functional 
deficits in older adults, and higher thresholds needed to elicit TMS evoked motor 
responses of equivalent amplitudes compared to young adults. There was evidence of a 
variation of mechanisms between young and older adults in the control of lower-limb 
tasks due to the presence of associations between TMS measures and some lower-limb 
tasks in older adults, but not young. Studies 2 and 3 showed that a single session and 
repeated exposure to BAL, VIS and EP-ST resulting in significant reductions in SICI 
and some changes in aspects of corticospinal excitability, and that all training groups 
resulted in similar neural adaptations despite very different physiological demands. 
Study 3 also showed significant improvements in the performance of functional tasks 
known to be associated with falls risk, such as the six minute walk and stair climb test, 
but again no training intervention resulted in superior outcomes. Collectively, the 
findings from this thesis provide novel insight into the functional relevance of age-
related changes in the CST, and offer promising evidence for the capacity of BAL, VIS 
and EP-ST to counteract and/or prevent impending age-related declines in 
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neurophysiological integrity and functional ability. Exciting opportunities exist in 
relation to personalising interventions to target specific deficits in older adults, without 
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APPENDIX C: Grading for each task in the cognitive assessment and executive 
function screening. 







Circumference resembles a circle, 
correct numbers (including 
sequence), hands anchored in centre, 
correct time displayed 





Pattern copied and continued 
correctly 







7-10 points 4-6 points 0-3 points 
Word 
generation 
>20 words in total 15-19 words ≤15 words 
Stimulus 
response 
≤2 errors 2-4 errors >4 errors 
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APPENDIX H: Strength training data for Study 3. 
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